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A fully continuous, downstream process represents one of the most interesting novel purification 
approaches in the biosimilars industry. This would enhance the production output while reducing the 
costs of complex biopharmaceuticals. Since it generally involves several chromatographic steps, the 
selection of appropriate chromatographic columns is of utmost importance. In this study we compared 
several commercially available ion-exchange-membrane adsorbers (NatriFlo®, Sartobind® and 
Mustang®). In the first part of the thesis, basic characterisation of the selected membrane adsorbers 
was performed, whereas in the second part of the thesis the removal of host cell proteins (HCPs) and 
monoclonal antibody aggregates in the flow-through mode was evaluated. Dynamic binding capacity, 
ionic capacity and type of ligand were determined for individual membrane adsorbers, using simple, 
fast and non-invasive methods. Design of Experiments (DoE) was employed to determine the optimal 
pH and conductivity conditions. We demonstrated that all the anion-exchange-membrane adsorbers 
were capable of removing HCPs from monoclonal antibody mixtures below the required threshold 
across a wide range of sample pHs and conductivity values, and that the HCPs’ normalised outlet 
concentration increases almost linearly with loading, being independent of the HCPs’ concentration. 
No significant differences in the profile of the adsorbed HCPs with respect to the membrane adsorbers 
were observed based on 2D electrophoresis analysis data, although they exhibited different binding 
capacities. Cation-exchange-membrane adsorbers were also tested for the removal of aggregates. The 
Yamamoto model was used to determine the number of active binding sites and estimate the 
conductivity range for efficient removal of aggregates, while maintaining a high monoclonal antibody 
recovery. However, the obtained range had to be further fine-tuned experimentally, due to displacement 
phenomena. Differences in the trends of binding-site number with a change in the pH value for the 
tested cation-exchange adsorbers indicate slightly different adsorption mechanisms. To obtain optimal 
process performance, adjustments of the pH and conductivity were required between the anion- and 
cation-exchange steps.        









Kontinuirna kromatografija za čiščenje bioloških zdravil predstavlja eno izmed bolj zanimivih 
pristopov v farmacevtski industriji pridobivanja bioloških zdravil, s katero lahko povečamo 
produktivnost pridobivanja bioloških zdravil ob nižjih stroških proizvodnje. Postopki čiščenja so 
običajno sestavljeni iz večih kromatografskih korakov, pri katerih je potrebno izbrati ustrezno 
tehnologijo. V tej študiji smo primerjali več komercialno dostopnih ionsko izmenjevalnih 
membranskih adsorberjev (NatriFlo®, Sartobind® and Mustang®). V prvem delu doktorske dizertacije 
smo okarakterizirali same nosilce, medtem ko smo se v drugem delu osredotočili na odstranjevanje 
procesnih nečistoč in nečistoč povezanih s produktom, kot so proteinski ostanki CHO celic (HCP) in 
agregati monoklonskih protiteles (agregati) pri takih kromatografskih pogojih, kjer se nečistoče vežejo 
na nosilec, medtem ko željeni produkt preide preko kolone. Osnovna karakterizacija membranskih 
nosilcev je zajemala določitev dinamične vezavne kapacitete nosilca, ionske kapacitete nosilca in 
struktura liganda. Statistično orodje smo uporabili za določitev optimalnih pogojev pH in prevodnosti 
raztopine, pri katerih ustrezno odstranimo nečistoče. Dokazali smo, da vsi testirani anionsko-
izmenjevalni adsorberji ustrezno odstranijo nečistoče (HCP) iz mešanice monoklonskih teles in 
prisotnih nečistoč v širokem območju pH in prevodnosti raztopin. Membranski adsorberji so ustrezno 
odstranili normalizirane vrednosti HCP tudi pri višjih nanosih na membranski nosilec. Glede na 
rezultate 2D elektroferograma smo ugotovili, da anionski membranski adsorberji odstranjujejo HCP 
enake strukture, razlike so se pojavile v deležu odstranjenih HCP. Yamamotov model smo uporabili 
ne samo za določitev števila vezavnih mest kationskih membranskih adsorberjev, ampak smo z njegovo 
pomočjo tudi ocenili območje prevodnosti, kjer še ustrezno odstranjujemo agregate, pri tem pa 
ohranjamo visok izkoristek separacije. Kljub rezultatom modela je bila potrebna optimizacija procesa, 
zaradi opaženega fenomena izmenjave monoklonskega protitelesa z agregati monoklonskega telesa na 
membranski nosilec. Razlike v številu vezavnih mest kationskih izmenjevalcev pri različnih pH 
raztopin nakazujejo na nekoliko različen mehanizem adsorpcije za posamezni testirani membranski 
adsorber. Za doseganje optimalnega procesa čiščenja monoklonskih protiteles je bilo potrebno uravnati 
pH in prevodnost raztopine med obema kromatografskima korakoma (kationsko izmenjevalnim in 
anionsko izmenjevalnim korakom).   
Kratice: membranski adsorberji, proteinski ostanki CHO celic, agregati monoklonskih protiteles, 
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 Membrane technology in the biopharmaceutical industry 
 
Membranes have been widely used in biotechnology filtration processes already for some time. Their 
applications are various, from microfiltration as normal flow filtration technology for clarification and 
sterile filtration process steps, to ultrafiltration as tangential flow filtration for buffer exchange and the 
protein concentration process step. Trends in membrane technology are moving toward membrane 
design that would enhance selectivity at the high membrane throughput by implementing new 
membrane modules, novel membrane design, and the use of new membrane materials (1). Membrane 
separation technology consists of the presence of semi permeable membranes, which retain one type 
of substance, whereas other substances pass through the membrane, based on the difference in the size 
of the molecule, charge or other differential interactions. The most important part of an efficient 
membrane process is the selection of the membrane based on its characteristics (pore size, surface 
chemistry, molecular weight cut-off). Membrane filtration technology can be divided into several 
classes, based on the driving force of the filtration, flow direction of the solution in the membrane or 
the size of the pores used in filtration.  
In terms of the driving force of membrane filtration technology, it can be divided into pressure driven 
filtration, vacuum driven filtration and concentration driven filtration.  
Based on the flow of the solution along the surface of the membrane, there are two types of membrane 
filtration technology: tangential flow filtration (TFF) and normal flow filtration (NFF). In tangential 
flow filtration, the fluid flows parallel (or tangentially) to the membrane surface, reducing membrane 
clogging or fouling. This approach is normally used in ultrafiltration (UF) (pore size of 0.01 – 0.1 µm 
or for ultrafiltration stated in molecular cut-off weights as kDa) and the diafiltration (DF) process step, 
and also in the microfiltration process step, all of which are also pressure driven membrane filtration 
technologies. In the UF/DF process step the solution is in contact with the membrane under applied 
pressure. This pressure forces the small molecules (such as buffer salts and excipients, the solvent and 
other) to pass through the membrane (permeate stream), whereas the larger molecules, such as protein, 
travel along the membrane, as the semi-permeable membrane holds them, and are collected in the 
membrane outlet (retentate stream). They can be used at different stages of the protein purification 
process, when the protein intermediate needs to be concentrated or when the buffer components in the 





process, with the same purpose of concentrating the protein to its final concentration (drug substance) 
and to exchange the buffer from the previous chromatographic steps. The biological drug substance 
needs to be exchanged in the proper formulation buffer in which the protein is not only stable for a 
longer period of time, but the buffer itself does not cause an immune response at the specific protein 
concentration.  
In cases where the solution flows through the membrane normally on the membrane surface, it is called 
normal flow filtration and is commonly used in chromatography unit operations and in membrane 
operations such as the microfiltration process step. The microfiltration process step is also a pressure 
driven process with pore size between 0.1 and 1.0 µm. This type of membrane filtration technology is 
normally used during cell recycle and harvesting, when the cells are removed from the cell culture 
supernatant (2). There are several aims of NFF: to protect the columns by removing the particles in the 
buffer solutions, for the clarification of the sample feed stream, for the reduction/control of the 
bioburden and for virus removal. For different purposes, different pore sizes of membrane filters are 
used. For virus filtration, membranes in the nanometre region (nanofiltration membranes) are used, as 
the pores need to be small enough to hold on to the viruses (different sizes), whereas the feed stream 
with therapeutic protein flows-through the virus filter. In the case of the depth filtration process step as 
a type of NFF, the pore size of the membrane varies and it is used for clarification, cell harvest, HCP 
and DNA removal and microfiltration with a pore size between 0.1 and 10 µm, used for buffer filtration 
and laboratory scale clarification. Some of these are pressure driven operations (e.g virus filtration) 
and some of them are vacuum driven modes (e.g. depth filtration). 
Dialysis is a concentration driven separation, used for buffer exchange and desalting (3).   
Membrane adsorbers are a special type of membrane technology. Despite the fact that their structure 
is similar to the membranes used for various types of filtration technologies, they have a ligand attached 
to the pore surface which allows purification based on adsorption (removal of product and process 
related impurities originating from the host cells, used for the production of recombinant therapeutic 
proteins) (4). 
 Structural characteristics of monoclonal antibodies and impurities 
 
Biological drugs are relatively big and complex protein molecules obtained from living organisms or 
their systems (microorganisms, animals, plants). The first biologics, such as the human growth 





development of target specific monoclonal antibodies increased with the understanding of subcellular 
cascades and disease processes in humans (5).  
A new generation of biological drugs, targeting molecules and cells, were involved in pro-
inflammatory immune response, cancer development, transplant rejections, and have been widely 
studied in recent years. These biological agents are bioengineered proteins such as monoclonal 
antibodies, fusion proteins, bispecific monoclonal antibodies and others (6). A significant increase in 
monoclonal antibodies available on the market in recent years has been observed; from 2013 until the 
end of 2017, 31 new monoclonal antibodies and 10 biosimilars came onto the market. Since the first 
monoclonal antibodies were introduced on the market, an increasing demand for them, targeting 
different receptors for the treatment of different diseases (including cancers, asthma, rheumatoid 
arthritis, multiple sclerosis and others) has occurred (7) (8). 
Monoclonal antibodies are one large group of biological drugs. They are large glycosylated proteins 
with a molecule weight of approximately 150 kDA. They are composed of two main, 50 kDa, heavy 
chains linked to each other by a disulfide chain. Each heavy chain is linked to a smaller, 25 kDa, light 
chain with disulfide and a noncovalent bond (9) (10). The basis of each molecule is a central carbon 
atom, to which a basic amino group, an acidic carboxyl group, hydrogen and side-chain group (R 
group) is attached. Depending on the R group, that is unique for the amino acid, they can be classified 
as being acidic, basic or neutral (11) (12) (13). Interactions between atoms of the backbone form a 
polypeptide also referred as a secondary structure of the protein. 
Tertiary structure of a monoclonal antibody is a well stabilised polypeptide, forming larger globular 
unit. In order to achieve a thermodynamically stable structure, the hydrophobic side-chain groups of 
neutral amino acids are hidden inside of the protein, whereas the hydrophilic acidic or basic amino acid 
side-chains are exposed to aqueous solution and are capable of forming ionic interactions. All other 
interactions (disulfide bridges of the sulfhydryl groups on cysteines) also cause the stabilisation of the 
protein tertiary structure. 
Quaternary structure refers to various interactions between protein subunits, forming a large and 
complex monoclonal antibody (14). The primary structure of the protein depends on the amino acid 
sequence, whereas the chemical/biological properties of the protein depend mostly on the tertiary and 
quaternary structure (15). 
The protein isoelectric point (pI) is the pH of mobile phase, where the amount of positively and 





charged at molecule pI above the pH of mobile phase, and negatively charged, when the protein pI is 
below the mobile phase pH. Different monoclonal antibodies have different pIs and that must be taken 
into consideration when developing the downstream process (16).  
 
Figure 1: Monoclonal antibodies, consisting of constant Fc region, 50 kDa and variable Fab region of 
50 kDa (17). 
 Product and process related impurities 
 
Mammalian cell lines (from Chinese hamster ovary cells (CHO)) are the most popular host cell lines 
for the synthesis and production of therapeutic proteins (e.g. monoclonal antibodies) as they are able 
to form recombinant protein with different post-translational modifications (18), (19). The host cells 
need to be cultivated and grown in specific bioreactors for a certain amount of time in controlled 
conditions using a specific media composition to produce the targeted recombinant protein (20). As 
the separation of the host cells and produced monoclonal antibody, after the cell cultivation, is needed 
in order to obtain only the monoclonal antibody in the solution (harvest), centrifugation and 
microfiltration are performed. However, after the separation of the product from the host cells, 
impurities, originating from the host cell (such as host cell protein and residual DNA), can also be 
present in the same solution as the monoclonal antibody (harvest) (Figure 2) (21), (22). High levels of 
impurities/degradation in the products could result in a drug product (drug substance with added 
additives for molecule stabilisation) that could cause severe side effects, immunogenic responses and 
even the death of the patient, and may also reduce the drug efficacy, as the active pharmaceutical 
ingredient amount is reduced (23). Therefore, they need to be properly removed during the downstream 





aggregates) could be induced during the downstream process, if harsh conditions are used (low pH of 
the solution, high salt concentration in the solutions) (24).  
 
Figure 2: Monoclonal antibodies and impurities originating from the host cells (25). 
1.3.1 Host cell proteins 
 
Genetically modified prokaryotic or eukaryotic host cells, obtained by genetic engineering, are used 
for the production of recombinant therapeutic proteins. During their production, host cells also 
coproduce proteins related to the normal cell functions as cell growth, proliferation, survival, protein 
synthesis and others. All those endogenous proteins, which are co-expressed by the host cells, apart 
from the therapeutic proteins, are called host cell proteins (HCPs) (26). HCPs are a complex mixture 
of proteins with different physiochemical characteristics, causing an immune response in humans, 
therefore they need to be properly removed. Additionally, some HCPs with proteolytic activity can 
affect the stability of the therapeutic proteins in the final formulation (called drug product) if not 
efficiently removed or inactivated. Therefore, the main purpose of the downstream purification process 
is to remove host cell proteins, exploiting different chromatographic techniques, separating therapeutic 
protein from the HCP based on the difference in charge, hydrophobic characteristics and the size of the 
molecules (27), (28).   
1.3.2 Aggregates 
 
Therapeutic proteins need to be properly stabilised in order to keep their therapeutic potential and not 
compromise the patient´s health. Protein aggregation is common and can occur at different stages of 
the downstream purification process, when the therapeutic protein is in final formulation and also 
during the protein storage (29). The driving force of aggregation is not fully understood or exploited 





Normally, the aggregates of the protein first exist as small dimers or fragments of the therapeutic 
protein that form larger structures as visible and sub-visible particles, when these larger formations are 
more thermodynamically stable than the smaller fragments (31). In some chromatographic conditions 
(such as the addition of high salt concentration, lower pH of the solution or higher temperature of the 
solution), the protein can partially unfold (the structure of the protein is changed) and the hydrophobic 
residuals of the protein are exposed, as they are normally hidden inside the molecule, causing 
aggregation and also precipitation (32). Different types of the protein aggregate can be formed: 
reversible or irreversible, soluble or insoluble, covalent or non-covalent and native or denatured. With 
size exclusion chromatography, as used in this doctoral thesis, mostly the aggregates differ to the 
monoclonal antibody in 20% of the mass, reversible and irreversible aggregate species are determined. 
As the difference in the structure of the aggregates and the pure monomeric protein can cause difference 
in the biological activity, resulting in a difference in the potency of the therapeutic protein, they need 
to be properly removed, using different chromatographic techniques (29), (33), (34).  
 The development and production of monoclonal antibodies 
 
The development of monoclonal antibodies starts at cell line development, where a stable cell line 
capable of synthesising the required molecules at high productivities and low cost is developed. The 
process starts with the transfection of the host cells with recombinant plasmid DNA encoding the 
required monoclonal antibody. Following transfection, a high number of clones are screened and based 
on the stability, clonally and in terms of productivity, the main candidate is selected and the cell bank 
is produced (35). The cells from the cell bank are thawed and cultured in a small flask and later they 
are cultivated in bioreactors using culture media and bioreactor culture conditions to meet product 
quality specifications at required productivity (36). At the end of the production phase, centrifugation 
and/or microfiltration is used to separate the cells from the cell culture supernatant and to obtain the 
product, which stays in the liquid phase (29).  
The aim of the purification downstream process is the removal of the impurities, such as host cell 
proteins, DNA, adventitious and endogenous viruses, endotoxin, aggregates and other species, in order 
to produce safe and efficient monoclonal antibody for human use. However, acceptable recovery of 
each step must be obtained in order to keep the production cost as low as possible. Basic unit operations 
such as Protein A affinity chromatography and additional intermediate and polishing steps, using 





such as flocculation, precipitation and membrane chromatography, can be used instead (21), the latter 
will be presented in detail in this doctoral thesis. 
The downstream purification process is composed of several liquid chromatography steps and it mostly 
starts with Protein A affinity steps as a capture step, due to high recovery, efficient deoxyribonucleic 
and host cell protein removal and product concentration. Intermediate steps (cation exchange 
chromatography, multimodal chromatography, hydrophobic chromatography) follow, in order to 
remove the product and process related impurities such as aggregates, leached Protein A, truncated 
species and residual DNA. The polishing step is the final chromatography unit, which aims to remove 
impurities present in low concentration that might cause immune responses (host cell proteins, viruses 
and deoxyribonucleic acid). The aim of the ultrafiltration – diafiltration step is the concentration of the 
product to final product concentration and to exchange the buffer, that enables long term protein 
stability (37). In order to achieve sufficient viral clearance, a low pH inactivation and a viral filtration 
step are included in the downstream purification process (21). 
 
Figure 3: Shematic presentation of USP and DSP (internal figure). 
 Different types of liquid chromatography 
 
Chromatography is a family of different separation techniques, separating molecules based on the 
partitioning between the stationary and mobile phase. Molecules needed to be separated are dissolved 
in the mobile phase (solute), mostly aqueous buffer. The molecule diluted in a running buffer, called 
mobile phase is applied to the packed chromatographic column or another technology used. The solute, 
diluted in the mobile phase is pumped through the chromatography support and it reversibly binds to 
the ligands immobilised on the matrix. Solute molecules adsorb on the stationary phase based on their 






1.5.1 Affinity chromatography (AC) 
 
Affinity chromatography with Protein A ligand utilising Protein A chromatography is widely used in 
production, as the first step in the purification process. It serves as the main step for impurity removal 
and product concentration. Monoclonal antibodies specifically bind to the native or recombinant 
protein A ligand (mostly delivered from E. coli) with average particle size ranging from 45 μm to 85 
μm. The size of the particles is significant, as higher dynamic binding capacity with new resins 
containing smaller particles (e.g. Amsphere A3, MabSelect SuRe PCC, and others) in comparison to 
others with larger particle size (MabSelect SuRe) has been observed. Downsizing of the resins with the 
smaller particles means lower flow rates can be used, due to high pressure drop. Compositions of 
chromatography resin varies from manufacturer to manufacturer. Some use rigid, highly cross-linked 
agarose, some high flow agarose and others methacrylic polymer. As the monoclonal antibody 
selectively adsorbs on the Protein A ligand with the Fc binding domain, the majority of other impurities 
such as HCPs and DNA do not bind and are efficiently removed. Still, some product and process related 
impurities also bind non-specifically to the back bone and are eluted together with the monoclonal 
antibody at low pH of the applied solution, when the specific interactions between the monoclonal 
antibody and Protein A ligand are disconnected. Manufacturers are developing different synthetic 
Protein A ligands, that would be more stable in the basic solution, as it is known that Protein A ligand 
leaches from the column in the base solutions (39), (40), (41). 
1.5.2 Ion-exchange chromatography (IEC)  
 
Molecules differ in their structural characteristics (primary, secondary, tertiary and quartary structure 
of the protein) and as a result, they expose different charges on their surface. The charge of the molecule 
also changes with the pH of the solution they are diluted in. The separation technique, separating 
molecules based on their charge difference, is ion-exchange chromatography. Electrostatic interactions 
between the ligand and the monoclonal antibody occur when the net charge of the molecule in the 
solution has an opposite charge than the ligand used. Proteins are reversibly bound to the ligand, until 
a change in the mobile phase occurs (42).  
Based on the protonation behaviour of the ligand they can be divided into two groups, strong or weak 
ion exchangers. Strong ion exchangers are charged in a broad pH range, whereas the charge of the 





causes negative charge of the weak cation exchanger, and a pH below 9 causes a positive charge for 
the weak anion exchanger.  
Strong cation exchange chromatography utilises negatively charged sulphuric acid as a ligand and 
carboxyl acid is used for weak cation exchange chromatography. The separation can be done in bind 
and elute mode, at the pH of the mobile phase below the isoelectric point (pI) of the monoclonal 
antibody. In those separation conditions the protein of interest and all the impurities are bound to the 
column. Elution is performed by changing the ionic strength of the mobile phase by applying salt or 
changing the pH of the mobile phase. The ionic strength can be changed gradually by applying linear 
gradient or immediately by applying step elution. Separation can also be done in flow-through mode, 
when the pH of the mobile phase is above the protein pI. In these conditions, the impurities bound to 
the ligand and the protein of interest is collected in the loading phase. Cation exchange chromatography 
is mostly operated in the bind and elute separating conditions, where positively charged aggregates of 
monoclonal antibody bind tightly to the ligand, compared to weakly positively charged monoclonal 
antibodies that are therefore eluted first. 
Strong anion exchange chromatography utilises positively charged quarternary amine as a ligand and 
primary or secondary amine ligand represents weak anion exchange. The separation is done in bind 
and elute mode, where the pH of the mobile phase is above the pI of the protein of interest or in flow-
through mode, when the pH of the mobile phase is below the protein pI. Efficient host cell protein, 
residual DNA and virus removal can be achieved in flow-through mode, when the negatively charged 
impurity molecules are bound to the ligand and the positively charged protein of interest does not bind 
to the ligand due to charge repulsion (21), (43), (44) .  
CEC or AEC are widely used for protein separation due to high resolution, low resin cost, the high 
dynamic capacity of the resin and the use of a non-toxic buffer (45). The protein maintains native 
configuration during the separation process, due to the fact that elution is performed under mild 
conditions. 
1.5.3 Hydrophobic interaction chromatography (HIC) 
 
Hydrophobic interaction chromatography is chromatography, separating the molecules based on the 
various strengths of their hydrophobic interactions with a solid phase containing uncharged 
hydrophobic groups (46). Samples are dissolved in high salt concentration buffers in which the 





inside the molecule. Loaded proteins form reversible interactions with the hydrophobic ligands and are 
eluted with either low salt concentration buffers, when the hydrophobicity of the protein is decreased, 
or by decreasing the polarity of the fluid with the addition of non-polar solutions (acetone, ethanol,…) 
(47).                                                                                                                                                                                                                                         
1.5.4 Size-exclusion chromatography (SEC) 
 
SEC is a separation technique using hydrophilic silica or agarose polymer gel beads with a broad pore 
size distribution  (48). Solutes are separated based on their size. Large molecules cannot enter the gel 
and are eluted first. Smaller molecules elute with a longer residence time, as they enter the gel to 
varying extents, depending on their size and shape, and thus are retarded on their passage through the 
bed. SEC can be used in DSP for the buffer exchange (49). In our case, analytical SEC, for the 
determination of aggregates and degradation, products in analysed samples was used. 
 Possibilities for monoclonal antibody purification 
 
The increasing demand for new and complex biopharmaceuticals is forcing companies to explore and 
implement new manufacturing approaches (50), (51). Many are focused on developing fully continuous 
downstream processes combined with a single-use technology that would enable the rapid purification 
of biopharmaceuticals, resulting in increased productivity, reduced labour and equipment costs as well 
as introducing additional flexibility in the manufacturing process (52), (53). Among the various 
biologics, monoclonal antibodies are the most important, and as they are produced using mammalian 
cell lines and have a similar structure, their purification process is already well established and 
standardised (50). Nevertheless, with the aim of further increasing productivity, there is a trend to move 
from batch downstream processing to a continuous process. Continuous downstream purification 
would require interconnected chromatographic steps that are able to efficiently reduce impurities, such 
as genomic DNA, host cell proteins (HCPs) and aggregates.  
There are several strategies for continuous manufacturing. First, there is a hybrid system with 
continuous upstream combined with fed batch downstream. The benefit of this approach is the 
utilisation of small, moveable bioreactors in the upstream perfusion culture production, while the 
downstream remains in a traditional batch mode, starting with cell removal and a capture step. As the 
residence time of the product in the bioreactor is short, this approach is mostly beneficial for the 
production of unstable monoclonal antibodies, prone to degradation. The second approach is also a 





is used for cell growth and cultivation, while downstream operation units are run in continuous mode. 
One benefit of the continuous downstream process is the implementation of a new chromatographic 
system that allows work on several columns in a row, resulting in better utilisation of the resins, a 
smaller manufacturing footprint and smaller equipment needed for large scale production, resulting in 
cost reduction. Lower residence times can be used, as the material that flows through the first column 
is captured on the second column. Due to the connected approach, large hold tanks for the intermediates 
are not needed. The third hybrid approach is continuous bioreactor and capture followed by batch (post-
capture) downstream. The last approach is a fully integrated continuous process with fully integrated 
continuous unit operations for the entire process train. The main advantages of this approach are the 
elimination of large hold tanks, needed for the storage of the product between the separate 
chromatographic units, sterile interconnected paths with a lower possibility of product contamination. 
Continuous chromatography in combination with a single-use technology (such as membrane 
adsorbers, that will be presented later) show similar recovery and purity of monoclonal antibody, 
compared to the chromatography process in the batch mode. Other advantages of continuous 
manufacturing combined with the use of single-single use technology include high equipment 
utilisation rates, increased flexibility, low process cycle times, reduced operating costs and the 
elimination of large hold tanks. However, due to the complexity of the new chromatographic system 
there is a drive to develop fully automated connected processes with feedback loops, with less human 
interaction (54), (55), (56). 
Regardless of how the downstream purification is designed, the selected technology must enable the 
efficient removal of product and process related impurities, such as viruses, DNA molecules, HCPs 
and aggregates in order to produce a safe and efficient final drug substance for the patient. 
 







 Membrane adsorbers - option of choice for the purification of monoclonal 
antibodies 
 
Several different types of matrices, including classic porous beaded chromatographic resins and 
convection based media such as membrane adsorbers, membrane fibres or monoliths, can be used for 
the purification of monoclonal antibodies (57), (58). The most commonly used type of 
chromatographic media, i.e., porous beaded resins, suffer from certain limitations, such as a slow mass 
transfer and low binding capacity for large impurities such as viruses, DNA molecules, HCPs and 
aggregates, features that can be overcome by the implementation of other media (59). 
One option might be chromatographic membrane adsorbers. Due to their microporous membrane 
structure, with a pore size ranging from 0.8 to 3 µm, the transfer of molecules inside the adsorbent to 
the binding sites is based on convection with negligible diffusion, which means the molecules can reach 
the ligands more quickly, allowing a shorter residence time. Consequently, the processing time needed 
for the purification of monoclonal antibodies is reduced and productivity is increased (60), (61). 
Furthermore, even at high flow rates, they exhibit a low pressure drop and comparable resolution (62).  
Due to the high cost of resin, conventional particulate resins need to be cleaned before and after each 
production cycle, which requires large quantities of cleaning solutions as well as a cleaning validation. 
Furthermore, their relatively high price means production must maximise the number of use cycles to 
ensure a cost-efficient process (63). In contrast, chromatographic membranes are produced in a pre-
packed form, in self-sufficient plastic modules that are available at relatively low cost and can therefore 
be discarded after each production cycle, while still ensuring a cost-efficient process. Without cleaning, 
the costly and time-consuming cleaning validations can also be avoided (64).  
Structural differences between classical chromatography resin and membrane adsorbers are presented 






Figure 5: Structural difference between classical chromatography resin (upper figure) and membrane 
adsorber (lower figure) (65). 
 
Due to the wide, open pores and consequently low specific area, they are preferably used for the 
removal of large molecules, such as HCP, DNA, endotoxin and viruses instead of small molecules. 
 Membrane structure, membrane design and flow distribution 
 
Membranes are stacked in plastic modules, either directly bonded, glued to plates or sealed with special 
gaskets (66). An open channel system having an inlet and outlet allow the solute to pass through the 
module. Depending on the membrane design, different flow distribution can be obtained as modules 
with optimised flow distributions cause better utilisation of binding sites resulting in better impurity 
removal.  
One of the main challenges in membrane chromatography production relates to the proper module 
design; uneven pore size and membrane thickness, inefficient flow distribution and low binding 
capacity (61). Different manufacturers tackle these problems with their own module designs, flow 
distributors and different grafting techniques. Module design and flow distribution for small scale 0.08 
mL Sartobind® Q (left part of figure) and scale-up 1 mL Sartobind® Q module (right part of figure) is 
presented in Figure 6. 0.08 mL Sartobind® Q is a stagged flat sheet membrane adsorber, where the 
liquid is introduced normal to the membrane surface. The scale-up 1 mL Sartobind® Q module contains 
a flow distributor from several radial and circular channels and the membrane is designed in cylindrical 
format. The solution flows from the top into the outside channel by radial channels and then through 





outlet (67). The Mustang® Q membrane is stacked in module, allowing axial flow distribution on the 
small scale device and radial flow on the scale-up device (68). The inlet and outlet of the 0.18 mL 
Mustang® Q membrane housing have a specially designed tapered gap to distribute the solution flow 
through the module (69). The inlet of the small-scale module for flat sheet membranes is in the form 
of a circular channel entering a larger circular cross-section. Scale-up modules are presented in a 






Figure 6: Different flow distribution within the membrane adsorbers (Sartobind® Q flow distribution 
for small scale module in the figure on the left part and scale up module in the figure on the right part) 
(73). 
 
Sartobind® Q and Sartobind® S consist of a macroporous stabilised reinforced cellulose membrane 
with an average pore size of 3 µm. Cellulose is a polysaccharide from glucose segments connected by 
1,4-glycosidic groups. It contains three hydroxyl groups, prone to different chemical reactions such as 
esterification. Intermolecular hydrogen bonding between the hydroxyl groups and crystallinity make 
the cellulose non soluble even in more polar solutes. Regenerated cellulose is obtained by chemical 
esterification with cleavage of ester and subsequent precipitation. Regenerated cellulose is a 
hydrophilic membrane, widely used in the biopharmaceutical industry due to a lack of interactions with 
proteins, its stability and compatibility with biological systems (74), (75). Reinforced cellulose is 
coated with a three-dimensional hydrogel. The hydrogel is grafted with long polymeric chains, carrying 
either a positively charged quaternary amine or negatively charged sulfonic functional groups and 







Figure 7: The structure of a grafted hydrogel structure (Sartobind® Q) (79). 
 
Mustang® Q and Mustang® S membranes are polyether sulfone (PES)-based membranes with a 0.8-
µm nominal pore size and a surface coating made of an irreversibly cross-linked polymer containing 
pendant quaternary amine or sulfonic functional groups (80).  
PES is chemically made, from bisphenol A and dichlorodiphenylsulfone, through a condensation 
reaction, following an aromatic nucleophilic replacement mechanism reaction (81), (82). PES 
membranes are transparent and amorphous in structure with a high glass-transition temperature (Tg) 
of 225 °C, and are widely used in membrane technology. However, due to their hydrophobic properties 
they cause the undesirable accumulation and growth of microbial cells, which adhere to the membrane 
surface. Microorganisms present in the water solutions transform soluble salts and nutrients present in 
water into solids that load onto the microbial cells resulting in blocking the membranes. Therefore, the 
PES material undergoes different chemical modifications in order to obtain the hydrophilic properties 
of a material which eliminate the issues of fouling (83).  
Modified PES membranes are hydrophilic with low extractable leaching and protein binding. They 
enable higher liquid flow and are suitable for aqueous and compatible organic solvents (84).  
The chemical structure of a polyethersulfone (a) and regenerated cellulose (b) is presented in Figure 
8. 
a  b  
Figure 8: Chemical structure of a polyethersulfone (a) and cellulose (b) (85), (70). 
 
Membranes are often made of macroporous support (described above), which undergo chemical or 





(89). Regenerated cellulose or PES base membranes are coated with a complex hydrogel layer, 
preventing unspecific protein interactions with the base, and fouling (90). 
NatriFlo® HD-Q consists of a reinforced fiber mesh filled with hydrogel, consisting of up to 95% 
functional monomer, making the hydrogel structure itself functional. NatriFlo® HD-Q is a strong 
anion-exchange membrane adsorber also utilising quaternary amine as a functional group (91). 
Despite the fact that membrane adsorbers have been available on the market for some time now, they 
are rarely used in production. There are several reasons for this: classical chromatography is already 
well established in production and there is often no time for establishing new approaches. The other 
reason is that there are not enough proper techniques for the characterisation and implementation of 






















Despite the fact that there are several membrane adsorbers with different chemistries commercially 
available, we limited our investigation only to IEX chemistry, allowing mild process conditions. In 
particular, strong IEX ligands were evaluated due to the shorter conditioning time. In the first part of 
my doctoral thesis, structural characteristics, type of ligand, size of the membrane and total ionic 
capacity was evaluated. Characterisation of the selected laboratory-scale membrane devices was 
performed, using simple and non-invasive techniques that are already fully exploited and widely used 
for membrane and other chromatography media evaluation.  
In the second part of this doctoral thesis, the capability for impurity removal of individual membrane 
adsorbers was assessed. Different analytical methods were used to determine the amount of impurities 
in real samples: size exclusion chromatography to determine the amount of aggregates, HCP ELISA 
to determine the amount of HCP, 2D DIGE to determine the size and charge of the HCP. Due to the 
limitation of the resources, removal of residual DNA was not fully exploited.  
Working hypothesis: 
1.) The structure of selected membrane adsorbers differs in membrane characteristics (total ionic 
capacity, dynamic binding capacity, type of ligand)  
2.) Anion-exchange membrane adsorbers, in flow-through mode, efficiently remove impurities, 
especially HCP. Ionic strength, pH of the starting material/mobile phase and membrane load are 
process parameters, influencing the HCP and aggregate removal.  
3.) Cation-exchange membrane adsorbers, in a flow-through mode, efficiently remove impurities, 
especially aggregates. The optimal conditions for the separation of the monoclonal antibody and 
aggregates can be determined using the statistical based approach or mechanistic modelling-based 
approach.  







3 Experimental part 
 Materials  
 
The following membrane adsorbers were tested (see also Table 1): strong anion exchanger, Sartobind® 
Q, and strong cation exchanger, Sartobind® S (Sartorius Stedim Biotech GmbH, Göttingen, Germany), 
strong anion exchanger, Mustang® Q, and strong cation exchanger Mustang® S (Pall Corporation, 
New York, USA), and strong anion exchanger, NatriFlo® HD-Q (Merck KGaA, Darmstadt, Germany). 
Table 1: Tested AEC and CEC membrane adsorbers. 
Membrane device Membrane  








Sartobind® Q 0.08 0.8 2.4 
Sartobind® S 0.08 0.8 2.4 
Mustang® Q 0.18 1.0 4.0 
Mustang® S 0.18 1.0 4.0 
NatriFlo® HD-Q 0.20 1.0 5.0 
 Membrane characterisation 
 
Characterisation of several membrane adsorbers available on the market, was performed with non-
invasive, well known, fast and simple methods. The evaluated parameters of the membranes were the 
capsule void volume (3.2.2), interstitial volume (3.2.3), membrane porosity (3.2.4), hydrogel porosity 
(3.2.5), total ionic capacity determination (3.2.7, 3.2.9) and number of theoretical plates (3.2.11). For 
these experiments, buffer solutions and tracer molecules of different sizes (presented in 3.2.11) were 
used. An additional parameter, the dynamic binding capacity of AEC membrane adsorbers, using BSA 
as a tested molecule, was determined in section 3.2.13. In section 3.2.14, the peak elution of the BSA 
molecule was mathematically evaluated for AEC membrane adsorbers and compared to the BSA break-
through curves (section 3.2.13). Finally, the impact of flow rate on the dynamic binding capacity was 






3.2.1 Mathematical basis for the basic characterisation of membrane adsorbers 
 
Several parameters of the membrane adsorbers were evaluated in this section.  
3.2.2 Capsule void volume 
 
Capsule void volume, representing the dead volume of the capsule was determined from the equation 
below, Eq. (1): 
(1)                                                             𝑉𝑉𝑣𝑣𝑣𝑣𝑠𝑠𝑣𝑣 = 𝑉𝑉𝑓𝑓 −  𝜀𝜀𝑡𝑡𝑉𝑉𝑠𝑠 
Where 𝑉𝑉𝑓𝑓 [mL] represents the fluid volume determined from the acetone retention, 𝜀𝜀𝑡𝑡 [-] represents the 
total accessible porosity and 𝑉𝑉𝑠𝑠 [mL] represents the volume of the membrane adsorber. 𝜀𝜀𝑡𝑡 [-] was 
determined experimentally for each component, following Eq. (2).  




where 𝑉𝑉𝑣𝑣 represents the elution volume [mL] of the component in non-binding.  
3.2.3 Interstitial volume 
 
Interstitial volume, representing volume in the membrane, excluding the hydrogel layer, 𝑉𝑉𝑠𝑠𝑖𝑖𝑡𝑡 [mL], was 
calculated according to Eq. (3): 
(3)                                                                    𝑉𝑉𝑠𝑠𝑖𝑖𝑡𝑡 = 𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑣𝑣 − 𝑉𝑉𝑣𝑣𝑣𝑣𝑠𝑠𝑣𝑣 
where 𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷 [mL] represents the retention volume of the dextran tracer molecule, 𝑉𝑉𝑣𝑣 [mL] represents 
the system dead volume (acetone injection without the membrane) and 𝑉𝑉𝑣𝑣𝑣𝑣𝑠𝑠𝑣𝑣 [mL] represents the 
capsule void volume. 
3.2.4 Membrane porosity 
 
Membrane porosity was calculated according to Eq. (4):  









3.2.5 Hydrogel porosity 
 
Hydrogel porosity was calculated according to Eq. (5): 




where 𝜀𝜀𝑡𝑡 [-] represents total porosity and 𝜀𝜀𝑝𝑝𝑣𝑣𝑝𝑝𝐷𝐷𝑠𝑠 [-] is membrane porosity (92). 
3.2.6 Experimental set up to determine upper parameters  
 
Injection of small and large tracer molecules (1g/L NaCl instead of acetone tracer molecule, 1 g/L 
dextran molecule) were used to determine membrane and system characteristics. Prior to loading, the 
membrane was washed with approx. 200 column volume (CV) of the equilibration buffer (Na-acetate). 
After the equilibration phase, 0.4 CV µL of the tracer molecule diluted in the same buffer was injected 
via a sample loop. Ultraviolet (UV) measured absorbance at 280 nm wavelength and conductivity 
sensor detectors were used in order to trace the injected molecule at the membrane outlet. The same 
set of experiments was performed without the membrane attached to the system in order to determine 
the system dead volume. From this basic characterisation, several membrane parameters, presented 
below, were determined. 
3.2.7 Total ionic capacity determination 
 
The total ionic capacity of the membrane adsorbers represent the total amount of active sites or 
functional groups, available for the molecule binding.  
The total ionic capacity (Λ) of the membrane adsorbers was determined by acid-base-titration of the 
AEC and CEC membrane adsorbers. The membranes were first flushed with acetic acid, until all the 
ligands were saturated with H+ ions, and then washed with pure water. Then a base solution of sodium 
hydroxide was injected in the module to replace H+ with Na+ ions. Based on the change in the 
conductivity signal and the known membrane porosity, ionic capacity was calculated for the individual 
membrane adsorbers, as proposed from Eq (6).    







𝑉𝑉𝑁𝑁𝑓𝑓𝑁𝑁𝑁𝑁 [mL] represents the volume of NaOH used for the membrane titration and is determined from 




� represents the concentration of the NaOH used in the acid-base titration experiment, 𝑉𝑉𝑠𝑠 
[mL] represents the volume of the membrane device and 𝜀𝜀𝑡𝑡𝑣𝑣𝑡𝑡 [-] represents the total porosity of the 
membrane adsorber. A similar set of experiments were performed without the membrane attached to 
the system in order to subtract the system dead volume (92). 
3.2.8 Experimental set up for total ionic capacity determination 
 
The AEC membranes were first equilibrated with 90 CV of 0.5 M HCl (the CEC membranes were 
equilibrated with 250 CV) and later washed with 90 CV of Milli-Q water (the conductivity measured 
at membrane outlet was equal to 0 mS/cm) (the CEC membranes were washed with 500 CV). At that 
point in time, the membrane was washed with approx. 20 mL of 0.1 M NaOH (the CEC membranes 
were washed with 250 CV) (the conductivity signal increased and stabilised). The volume at which the 
conductivity at the membrane outlet started to increase was determined and used for the calculation. A 
similar set of experiments was performed without the membrane attached to the system. The dead 
volume was subtracted from the calculation. For all three AEC membrane adsorbers, a flow rate of 2.4 
mL/min was used. For CEC Sartobind® S, a flow rate of 2.4 mL/min was used, for Mustang® S, a 
flow rate of 4 mL/min was used. The experiments were duplicated and the average value of the sodium 
hydroxide volume was used for the calculation of the total ionic capacity. 
3.2.9 Total ionic capacity and the type of ligand determination with non-invasive 
characterisation based on pH transit  
 
The method is based on pH transient. It occurs after the titration of ionic groups with two buffers with 
identical pH but different ionic strength. This method was used to predict the type of ligand and the 
total ionic capacity. 
The duration of pH transient is linearly proportional to the total ionic capacity, whereas the changes of 
pH during pH transient indicate the type of ligand. 
Buffers that are normally used in production can be used for this method. Another advantage of this 
method is that it can be used for membrane adsorbers of different sizes. That is why different scale 





is widely used for characterisation of the monoliths but less for characterisation of the ionic membrane 
adsorber (93).  
The area under the formed pH transient (with and without the membrane attached) was determined, 
using a calculation of the zeroth moment (presented in detail in 3.2.11; Eq. (7)). 
3.2.10 Experimental set up for total ionic capacity and type of ligand determination 
 
The type of ligand and ionic capacity was determined by the pH transient method (described in section 
3.2.9). This method was used to determine the total ionic capacity and the type of ligand, by switching 
between buffers with the same pH and different ionic strength. Membrane adsorbers were first 
equilibrated with low ionic strength buffers (TRIS-HCl, pH 7.5), at a flow rate of 2.4 mL/min (for all 
membrane adsorbers). When a stable pH, measured with an in-line pH probe, was obtained 
(approximately 150 mL of buffer had been pumped through the membrane) the solution that was 
flowing through the membrane was switched to a high ionic strength buffer (TRIS-HCl, 1 M NaCl, pH 
7.5, also 150 mL of buffer was pumped through the membrane) and back again to the initial buffer. pH 
transient was obtained after the changes of buffer. By changing buffers with the same pH and different 
ionic strength, pH transit was formed inside of the membrane, that was the basis for determining the 
total ionic capacity.  
3.2.11 Membrane adsorber volume and number of theoretical plate determination: 
mathematical basis and experimental set up 
 
The aim of the study is the characterisation of the structural and hydrodynamic properties of 0.18 mL 
Mustang® Q (Figure 13 and Figure 18), 0.20 mL NatriFlo® HD-Q (Figure 14 and Figure 21) and 
0.08 mL Sartobind® Q (Figure 15 and Figure 24) membrane adsorbers. Pulse injections (0.4CV) of 
various tracers of different sizes: dextran (2000 kDa), thyroglobulin (660 kDa), albumin (67 kDa), 
holo-Transferrin (77 kDa) and NaCl, at various flow rates (recommended by the manufacturer), were 
used to determine the properties of the membrane adsorbers. All tracers were dissolved in running 
buffer with low pH (Na-acetate), preventing any unspecific interactions with the membrane. The whole 
area of the eluted peak (zeroth moment – µ0), with and without module, was integrated. The recovery 
of individual membrane adsorbers was determined by calculating the mass of the tracer that was 
injected and the mass of the tracer obtained in the outlet fraction. The first moment (µ1), representing 





calculated. The efficiency of the membrane (N) was calculated from the first and second moment. All 
the equations used are presented below. Based on the fact that mass distribution depends only on 
adsorption and not on diffusion, it is expected that the same membrane efficiency would be obtained 
even at higher flow rates and lower residence times.  
The equations below were used for the calculation of the zeroth moment, first moment, second moment 
and number of theoretical plates. 
Zeroth moment µ0 [mL*mAU] was calculated from Eq. (7): 
(7)                                                                  µ0= ∫ 𝐶𝐶𝐶𝐶𝐶𝐶
∞
0  
The first moment (µ1) [mL] was calculated from Eq. (8): 
(8)                                                                  µ1= 
1
µ0
 ∫ 𝐶𝐶𝐶𝐶𝐶𝐶∞0  
The second moment (𝜎𝜎2) [mL2] was calculated from Eq. (9): 
(9)                                                          𝜎𝜎2= 1
µ0
 ∫ 𝐶𝐶(𝐶𝐶 − µ1)2𝐶𝐶𝐶𝐶
∞
0  
The number of theoretical plates (N) [-] for each membrane adsorber was calculated from Eq. (10): 




3.2.12 Experimental set up for number of theoretical plates determination, using different sized 
tracers  
 
Pulse injections of various tracers of different sizes (dextran (2000 kDa), thyroglobulin (660 kDa), 
albumin (67 kDa), holo-Transferrin (77 kDa), NaCl) at various flow rates (recommended by the 
manufacturer) were used to determine the properties of the membrane adsorbers. All tracers were 
dissolved in a low pH running buffer (Na-acetate) to a concentration of 1 g/L, preventing any unspecific 
interactions with the membrane. First of all, all membrane adsorbers were equilibrated with Na-acetate 
(approx. 200). After the equilibration, 0.4 CV of the sample, containing the tracer molecule, was 
applied on the membrane through the 100 µl loop. After that, the membrane was again washed with 
approx. 200 CV of the equilibration buffer. The UV (280 nm wavelength) and conductivity of the tracer 







3.2.13 Dynamic binding capacity determination 
 
Dynamic binding capacity is defined as the amount of product that binds to the membrane adsorber 
under binding conditions (such pH and conductivity of the solution in which the net charge of the 
molecule is opposite to the charge of the membrane ligand). It is calculated, based on the amount of 
the protein that can be loaded on the membrane before the product starts to break-through, and 
significant product levels are measured in the flow-through collected fractions (the break-through 
point). For this set of experiments, the BSA molecule was used as the test molecule. 
Three AEC membrane adsorbers (Sartobind® Q, Mustang® Q and NatriFlo® HD-Q) were equilibrated 
with a low salt running buffer (TRSI-HCl, pH 7.4; 50 CV) at the maximum flow rate of the individual 
membrane adsorber, provided by the manufacturer: 2.4 mL/min for Sartobind® Q, 4 mL/min for 
Mustang® Q and 5.0 mL/min for NatriFlo® HD-Q. The tested BSA molecule was diluted with a low 
salt running buffer (TRIS-HCl, pH 7.4) to a concentration of 1 g/L. The BSA molecule was loaded 
onto the membrane adsorbers at the loading phase with the same flow rates as were used for membrane 
equilibration. The BSA molecule bound to the quarter ammonium ligand, as the molecule is negatively 
charged at the selected buffer pH conditions (the isoelectric point of a BSA molecule is 4.7 (94), 
whereas the ligand of all three tested membrane adsorbers is positively charged at the same buffer 
conditions. BSA molecules travel through the membrane and bind to the ligands, attached to the 
membrane surface. At one point, when the partial saturation of the binding sites is reached, the 
unbounded BSA molecule starts to break-through the membrane. The concentration of the unbounded 
BSA molecule increases with increased membrane loading, to the point where the stationary phase is 
fully saturated (static/total binding capacity).   
Through the loading phase, the unbounded BSA molecule was collected at membrane outlet fractions 
and, for individual fractions, the BSA concentration was determined by UV spectroscopic 
measurement at 280 nm. The loading phase was stopped when the concentration of the BSA in the 
collected fractions reached the initial concentration of the BSA molecule. The changing concentration 
of the BSA through the loading phase was also monitored with in-line UV measurement at 280 nm UV 
wavelength. Until the molecule adsorbed to the ligand, no UV response with the UV sensor was 
observed, and the concentration of the BSA molecule in the flow-through fractions was equal to 0 g/L. 
As soon as the BSA molecule started to break-through, the UV signal started to increase and reached 





break-through curve shape, the information about the membrane capacity, to which the membrane 
adsorber can be utilised, were calculated according to the equation below. The parameters affecting the 
shape of the break-through curve are the adsorption isotherm and effective diffusivity, which depends 
mostly on the pore size of the membrane and the size of the molecule. After the loading phase, the 
membrane was washed with the same low salt running buffer that was used for membrane equilibration, 
in order to wash out the unbound BSA molecule. Bounded BSA was finally eluted by applying a linear 
salt gradient (using TRIS buffer, 1 M NaCl, pH 7.4). The eluted BSA molecule was also collected and 
the concentration of BSA in the collected fraction was measured. The mass balance between the eluted 
and loaded BSA was calculated, by knowing the loading volume and the eluate volume of the BSA 
molecule. This approach can also be used in order to determine the membrane dynamic binding 
capacity. 
The same set of experiments in the same chromatographic conditions were performed without the 
membrane attached to the system, in order to determine the system dead volume. As the membrane 
devices are small and the volumes of the applied samples are small, the extra column effects make a 
significant contribution to membrane capacity determination. Therefore the system dead volume needs 
to be considered in the calculation. 
Calculation of the dynamic binding capacity, at 10%, Eq. (11), and 50%, Eq. (12), of break-through: 
 𝑉𝑉10% and 𝑉𝑉50% [𝑚𝑚𝑚𝑚] represents the volume, where 10% or 50% of the initial concentration is observed, 
𝑉𝑉0 [𝑚𝑚𝑚𝑚] represents the system dead volume, 𝑐𝑐0 �
𝑠𝑠𝑦𝑦
𝑠𝑠𝑚𝑚
� is the initial concentration of the protein in the 
load and 𝑉𝑉𝑠𝑠 [𝑚𝑚𝑚𝑚] is the volume of membrane adsorber.  
(11)                                              𝐷𝐷𝐷𝐷𝐶𝐶10% =
(𝑉𝑉10%− 𝑉𝑉0) 𝑓𝑓0 
𝑉𝑉𝑚𝑚
 
(12)                                                    𝐷𝐷𝐷𝐷𝐶𝐶50% =
(𝑉𝑉50% −  𝑉𝑉0) 𝑐𝑐0
𝑉𝑉𝑠𝑠
 
Calculation of the dynamic binding capacity from elution fraction, Eq. (13) 
 (13)                                                    𝑞𝑞 = (𝑉𝑉𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁𝑖𝑖𝑝𝑝−𝑉𝑉0 ) 𝑓𝑓𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁𝑖𝑖𝑝𝑝
𝑉𝑉𝑚𝑚 
 
𝑉𝑉𝐷𝐷𝑦𝑦𝑒𝑒𝑓𝑓𝑡𝑡𝐷𝐷 [𝑚𝑚𝑚𝑚] represents the collected eluate volume, 𝑐𝑐𝐷𝐷𝑦𝑦𝑒𝑒𝑓𝑓𝑡𝑡𝐷𝐷 [
𝑠𝑠𝑦𝑦
𝑠𝑠𝑚𝑚
] represents the concentration of the 
BSA molecule in the collected eluate volume, 𝑉𝑉𝑠𝑠 [𝑚𝑚𝑚𝑚] is the volume of membrane adsorber and q 
�𝑠𝑠𝑦𝑦
𝑠𝑠𝑚𝑚





3.2.14 Elution profiles of the BSA molecule for AEC membrane adsorbers 
 
Dispersion of the BSA molecule in the AEC membrane adsorbers was determined by a series of 
experiments, where the BSA was diluted in a high salt concentration buffer (TRIS-HCl, 1 M NaCl, pH 
7.4 to a concentration of 1 g/L). The membranes were first equilibrated with the same buffer for 30 
CV. After equilibration, 0.1 CV of the BSA solution was injected onto the membrane. The membranes 
were again washed with 30 CV of high salt concentration buffer in order to obtain the BSA 
concentration (measured with the UV sensor) under non-binding conditions. Dispersion was evaluated 
from the elution peaks of the BSA molecule under non-binding conditions by peak asymmetry factor, 
tailing factor and peak width at the half peak height.  
The peak asymmetry factor, often presented as 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 and tailing factor (𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓) are the indicators of 
uniform flow distribution through the membrane device and mass transfer through the membrane (95).   
 
Figure 9: Peak asymmetry factor determination (96). 
 
The asymmetry factor (𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠) describes the deviation from the ideal Gaussian peak shape elution. 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 
was calculated according to equation (14), where a represents the distance from the peak start to the 
peak middle (determined at the volume where the peak reaches its maximum height value) measured 
at 10% of peak height, and b is the distance from the peak middle to the peak end, also measured at 
10% of peak height. When 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 is higher than 1, we are talking about peak tailing and when the 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 
value is below one, we are talking about peak fronting. The peak is symmetrical when 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 equals to 
1. 









Figure 10: Tailing factor determination (96). 
 
The tailing factor (𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓) is the coefficient of the peak symmetry. It is calculated according to equation 
(15) where a is the distance from the peak start to the peak middle, measured at 5% of peak height, and 
b is the distance from the peak middle to the peak end, measured at 5% of peak height (97): 




3.2.15 Impact of flow rate on dynamic binding capacity determination 
 
The impact of the flow rate on the dynamic binding capacity was also evaluated with a similar 
experimental set up as described in 3.2.13. Flow rates for individual membrane adsorbers were varied 
in the range of the manufacturer recommendation. The dynamic binding capacity of 0.18 mL 
Mustang® Q was determined at the following flow rates: 1 mL/min (residence time 0.18 min), 2 
mL/min (residence time 0.09 min) and 4 mL/min (residence time 0.045 min); for 0.08 mL Sartobind® 
Q at flow rates of 0.8 ml/min (residence time 0.1 min), 1.6 mL/min (residence time 0.05 min) and 2.4 
mL/min (residence time 0.03 min), and for 0.2 mL NatriFlo® HD-Q at the following flow rates: 1 
mL/min (residence time 0.20 min), 2.5 mL/min (residence time 0.08 min) and 5 mL/min (residence 
time 0.04 min). It is expected that the flow rate does not have a significant impact on the dynamic 
binding capacity determination. The reason is that in the open pore structure of membrane adsorbers, 
the binding of the molecules to the binding sites depends mostly on adsorption, whereas the diffusion 





 Characterisation of membrane modules  
3.3.1 Description of adsorption  
 
By knowing the membrane characteristics, obtained with above described techniques, a mathematical 
based description of adsorption provides an insight into the purification process that can be applied in 
the industrial environment. Currently, the main focus of the modelling approach is the prediction of 
outlet parameters (elution volume, elution time, curve shape) by changing the inlet parameters (protein 
concentration, pH and conductivity of the load material). By obtaining information from on-line 
analytics, one can predict how the change of inlet parameters will affect the outlet parameters and 
consequently the impurity removal. The selection of a proper mathematical model that would describe 
our chromatography separation sufficiently accurately represents the main challenge. In this doctoral 
thesis, we tested two different approaches, describing the performance of tested CEC membrane 
adsorbers (Sartobind® S and Mustang® S) to compare their performance and  to compare the accuracy 
of the mechanistic modelling-based approach with the statistical description (described in section 3.4).  
The stoichiometric displacement model (SDM) is one of the most popular models to describe ion-
exchange chromatography adsorption. Adsorption equilibrium depends on the salt, applied in linear, 
non-competitive conditions. Salt and proteins are stoichiometrically exchanged between the liquid and 
the stationary phase. SDM parameters are generally estimated by a method based on linear gradient 
elution (LGE) at various residence times, proposed by Yamamoto. Due to convection based separation 
of tested membrane adsorbers, it was shown that residence time does not impact the separation, 
therefore, all the experiments were conducted at the same flow rate.  
Therefore, four linear gradient elution experiments at various gradient slopes were performed for each 
individual CEC membrane adsorber (Sartobind® S and Mustang® S), in order to determine the 
distribution coefficient as a function of salt. The same model was also used to determine the number 
of active binding sites between adsorbed molecules and the matrix.  
The concentration of salt, at which the protein peak eluates from the matrix 𝐼𝐼𝑅𝑅 in linear gradient elution 
(LGE) was used to exploit the relation between the distribution coefficient, K, and the salt 
concentration, I. 
The normalised linear gradient slope 𝐺𝐺𝐺𝐺 [M] in LGE was defined by Eq. (16): 
 






Where 𝑉𝑉𝑠𝑠 [mL] represents the membrane adsorber volume and 𝑔𝑔 [M/mL] represents the slope of the 
salt gradient which was expressed as shown in Eq.  (17) 
 




𝑐𝑐𝑠𝑠 [M] and 𝑐𝑐𝑓𝑓 [M] are the initial and final salt concentrations and 𝑉𝑉𝑦𝑦 [mL] is the gradient length. 
 
The linear gradient elution experiments were performed at different slopes (GH-values) at the same pH 
of the loading solution. The determined 𝐼𝐼𝑅𝑅  was found to be a function of GH. In the case of membrane 
adsorbers, the GH-IR curves are independent of the flow rate, membrane dimensions and the sample 
loading in non-overloading conditions. The GH-IR curves were obtained from Eq. (18) 
 





From the ion exchange equilibrium (law of mass action), coefficient A [-] can be calculated according 
to Eq. (19) 
 
(19)                                                                    𝐴𝐴 = 𝐾𝐾𝐷𝐷Λ𝐵𝐵 
 
The B coefficient [-] represents the number of binding sites (charge) that are involved in protein 
adsorption, 𝐾𝐾𝐷𝐷 represents the equilibrium association constant and Λ [M] represents the total ionic 
capacity. From Eq. (18) and Eq. (19), 𝐼𝐼𝑅𝑅 can be expressed in the following Eq. (20) 
 
(20)                                                 𝐼𝐼𝑅𝑅 = [𝐺𝐺𝐺𝐺𝐾𝐾𝐷𝐷𝛬𝛬𝐵𝐵(𝐷𝐷 + 1)]1/(𝐵𝐵+1) 
 
From the ion-exchange equilibrium model and Eq. (20), the following, Eq. (21) can be written:  
 
(21)                                                    𝐾𝐾 −  𝐾𝐾´ =  𝐾𝐾𝐷𝐷𝛬𝛬𝐵𝐵𝐼𝐼−𝐵𝐵 
 
Where K [-] is the protein distribution coefficient, 𝐾𝐾´ [-] is the distribution coefficient of the salt and 𝐼𝐼 





3.3.2 Sample preparation and experiment description 
 
In total, four experiments for each individual membrane adsorber (Sartobind® S and Mustang® S), at 
the same pH of the equilibration buffer, pH of the loading sample and elution buffer pH, using a mixture 
of pure IgG and monoclonal antibody aggregates, were conducted.  
The membranes were sanitised with 1M NaOH for 15 minutes following membrane regeneration with 
1M NaCl (50 CV) and equilibration with low running salt buffer (sodium citrate or sodium acetate), 
until the pH and conductivity of the membranes reached the initial value of the equilibration buffer (50 
CV). As we wanted to evaluate the impact of pH on impurity removal, three different buffer solution 
pHs and protein solutions were tested: 5.0, 5.5 and 6.0 1.4 membrane volume of the sample, with a 
concentration of approximately 5 g/L was applied on the individual CEC membrane adsorber. In the 
tested conditions, the aggregates and mAbs bound on the membrane. Potentially unbound protein was 
washed out from the membrane in the washing phase (50 CV), which followed the loading phase. 
Several linear gradient elutions (LGEs) with increasing salt concentration (sodium citrate or sodium 
acetate, 1 M NaCl; chemical used: Merck KGaA, Darmstadt, Germany) were conducted by the gradient 
slope variation. As the molarity of the elution buffer was kept constant for all the experiments, the 
variation in gradient length resulted in changing the gradient elution length (200 CV, 400 CV, 600 CV 
and 800 CV). 
Residence time was not varied in this study, as it was found that it does not have an impact on the 
resolution between the monoclonal antibody and monoclonal antibody aggregates, as the separation 
with the membrane adsorbers depends mostly on the convection transport mechanism to the binding 
sites and it is not diffusion limited. Therefore, maximum flow rate for the individual membrane 
adsorber, determined by the manufacturer (Table 1) was used for this set up. 
The elution of the monoclonal antibody and the impurity was monitored with in-line UV measurement. 
Again, the ÄKTA Avant 25 (GE Healthcare, Chicago, Illinois, USA) consisting of two system pumps, 
a sample pump, a UV detector with a 0.2 cm flow cell, a pH meter and a conductivity meter was used 
for this set of experiments. The system was controlled with Unicorn 6.0 software (GE Healthcare, 
Chicago, Illinois, USA). From the obtained chromatogram, the conductivity at which the monoclonal 
antibody aggregates, eluted from the membrane, was determined for the individual experiment. In 
section 4.4, the results are presented. With this experimental set up we did not only show the 
comparison between Sartobind® S and Mustang® S membrane adsorbers, but we also compared the 
results obtained by the mechanistic modelling-based approach with the results obtained by the 





 Statistical based approach using Design of Experiment 
 
The statistical based approach using Design of Experiment (DoE) was implemented, to evaluate the 
impurity removal with AEC and CEC membrane adsorbers within the selected testing conditions (in 
our case, pH and ionic strength of the loading material were varied). The aim of the statistical approach 
is to evaluate the impact of multiple input factors on tested output parameters (responses). DoE can 
identify important interactions between the multiple input parameters tested. All possible combinations 
can be investigated (full factorial) or only a portion of the possible combinations (fractional factorial). 
In our case, Central Composite Face design composed of a full or fractional factorial design and star 
points placed on the faces of the sides was selected for the testing. 
The statistical based approach is well established and widely used in the industry, however, it has 
numerous drawbacks. The downside of the statistical approach is the number of time-consuming 
experiments that need to be performed and broader analytics of the samples, which is also time and 
resource consuming. 
3.4.1 Sample preparation 
 
The experiments with AEC membranes were performed using TRIS buffers (Merck KGaA, Darmstadt, 
Germany) at pH values between 6.5 and 8.5. The conductivity of the equilibration buffer was adjusted 
with NaCl (Merck KGaA, Darmstadt, Germany) or deionized water. The experiments with CEC 
membranes were performed with either sodium acetate buffers (Merck KGaA, Darmstadt, Germany) 
at pH 4.5 and 5.8 or with TRIS buffers at pH 7 (Merck KGaA, Darmstadt, Germany).  
Four different starting materials with the same monoclonal antibody were used for the AEC 
experiments, i.e., eluates from the Protein A column (MabSelect SuRe™, GE Healthcare, Chicago, 
Illinois, USA). The samples for the CEC were either Protein A eluates (Amsphere A3, JSR Life 
Sciences, JSR Corporation, Tokyo, Japan) or the flow-through fraction after the AEC step. The protein 
solutions were frozen during storage. Before use, they were thawed, filtered through a 0.22-µm 
membrane (Corning® bottle-top vacuum filter system, Merck KGaA, Darmstadt, Germany) and 
adjusted to the target pH and conductivity values with a TRIS buffer (Merck KGaA, Darmstadt, 
Germany) and NaCl (Merck KGaA, Darmstadt, Germany). The mAb concentration in the loading 






3.4.2 Separation of biomolecules 
 
The pH range for the AEC was selected based on the isoelectric point of the monoclonal antibody, to 
avoid binding and Mabs deamination or aggregation, and set between 6.5 and 8.5. The load 
conductivity range was set based on the expected conductivity of the Protein A chromatography eluate, 
to be between 2 and 8 mS/cm. The conductivity was adjusted using 4.4-M NaCl or Milli-Q water, while 
the pH value was adjusted using 1M TRIS-base or 0.3 M ortho-phosphoric acid. A pH range for the 
CEC from 4.5 to 7.0 was selected to test whether two membranes can be combined without any pH 
adjustment between the AEC and CEC step, but still allow sufficient binding. Conductivities from 3 to 
12 mS/cm were tested in order to evaluate the potential to remove aggregates at a higher conductivity.  
Membrane loads were calculated per volume of individual membrane adsorbers for practical reasons, 
as no specific membrane area for all the tested membrane adsorbers was available. For the AEC 
membrane adsorbers, two different membrane loads (2 kg of mAb/L membrane and 5 kg of mAb/L 
membrane) were tested. These two loads were set based on the estimated mass of protein in the harvest 
and consequently in the Protein A eluate for the final production scale, together with the amount of 
expected HCPs. 
For the CEC membrane adsorbers, a membrane load of 1 kg of mAb/L membrane adsorber was tested, 
with the estimation based on the highest expected amount of aggregates in the sample.  
3.4.3 Instrumentation and measurement 
 
The experiments were performed on an ÄKTA Avant 25 (GE Healthcare, Chicago, Illinois, USA) 
consisting of two system pumps, a sample pump, a UV detector with a 0.2 cm flow cell, a pH meter 
and a conductivity meter. Fractions were collected with an integrated fraction collector into 15 mL 
falcon tubes. The system was controlled with Unicorn 6.0 software (GE Healthcare, Chicago, Illinois, 
USA). 
The collected fractions were analysed off-line using analytical size-exclusion chromatography (SEC), 
affinity liquid chromatography (ALC), and host cell protein ELISA (HCP-ELISA).  
SEC was used to determine the content of the main product (mAb) and the aggregates. Analyses were 
performed on an Acquity ultra-performance liquid-chromatography (UPLC) system with an Acquity 





USA). Additionally, samples from a dilution series of the starting materials with known concentrations 
were injected for calibration.  
The amount of host cell protein was determined using in-house HCP ELISA kit (internal standard).  
The monoclonal antibody content was determined using a Protein A affinity chromatographic column 
(Poros PA Immuno DetectionTM Sensor Cartridge for Perfusion Immunoassay; 20 µm, 2.1 × 30 mm; 
Applied Biosystems; cat. no. 2-1001-00, ThermoFisher Scientific, Waltham, Massachusetts, USA) 
loading at pH 7.5 and eluting at pH 2.0. 2-D DIGE, a variant of 2-D electrophoresis, was used to 
determine the HCP profile. Analyses were performed according to the manufacturer’s instructions 
using its equipment and consumables (GE Healthcare, Chicago, Illinois, USA). Samples were prepared 
using the 2-D Clean-Up Kit and CyDye DIGE Fluor Minimal Labeling Kit (5 nmol). 50 μg of each 
sample was labelled in duplicate with Cy3/Cy5 fluorescent dyes and the internal standard (a mix of 
equal aliquots of each sample) was labelled with Cy2 fluorescent dye. The samples were applied to pH 
gradient 3–11 IPG strips (Immobiline DryStrip pH 3–11 NL, 24 cm) via cup loading, and isoelectric 
focusing was performed on an IPGphorIII device. Second-dimension gel electrophoresis was 
performed on DIGE gels (12.5%, 26 × 20 cm) using Ettan DALTsix electrophoresis units and DIGE 
buffers. The gels were scanned with a Typhoon 9410 Imager using different excitation/emission 
parameters for each fluorescent dye. Image analysis was performed using DeCyder 2D software v7.2 
(GE Healthcare, Chicago, Illinois, USA). First, a spot-detection algorithm was used to detect the spots. 
Then, an exclusion filter was applied to exclude the background and artefact spots, and the standardised 
spot abundances were normalised against the internal standard. Finally, the gel images were matched 
automatically in conjunction with manual checking. The set of reproducible spots was defined as the 
spots present on all the gels. A comparison between the samples was performed using 1-way ANOVA 
with a threshold value for the differential spot abundance set at p-value ≤ 0.01, a two-way ANOVA 
with a threshold value for the differential spot abundance set at p-value ≤ 0.01, a t-test with a threshold 
value for the differential spot abundance set at p-value ≤ 0.05 and a standardised abundance ratio ≤ 1.3. 
3.4.4 Data analysis with Design of Experiment 
 
The small-volume membrane adsorbers listed in Table 1 were used for the Design of Experiment 
(DoE). The residence time used for DoE was based on the manufacturer’s upper-limit volumetric flow 
recommendations. A two-parameter DoE consisting of the conductivity and pH values was 





Composite Face design composed of a full or fractional factorial design and star points placed on the 
faces of the sides was implemented. A statistical evaluation of the obtained results was performed with 
MODDE (Umetrics Inc.,) version 9.1 or 11.0 DoE software. A quadratic model was used for the RSM 
objective and to describe all the two-factor interactions and all the square terms of all the factors. 
3.4.5 DoE experimental design 
 
Experiment design: the process parameters with major influence were varied in a multivariate 
approach, in order to define their optimal set points and operating ranges. They were entered into the 
DoE software.  
For the different membrane adsorbers, Central Composite Face (CCF) design was selected for this 
study. Detailed information about the selected design is summarised in Table 2. 
Table 2: Process parameters with major influence varied in the DoE study. Central composite face 
design parameters for 0.18 mL Mustang® Q, 0.20 mL NatriFlo® HD-Q, and 0.08 mL Sartobind® Q. 
Objective Optimisation (RSM) 
Process model Quadratic 
Mixture model -- 
Design CCF 
Runs in design 8 
Centre points 3 
Replicates 0 
N = actual runs 11 
 
Process parameters with major influence varied in the DoE are listed in Table 3.  
Table 3: Process parameters with major influence varied in the DoE study. 
Process parameter Range Unit 
Membrane load 2 
5 
kg of mAb A /L of membrane 
adsorber 
Equilibration buffer/  
load pH 
6.5 – 8.5 / 






DoE software with chosen CCF design, composed of CCF and star points placed on the faces of the 
sides, suggested 11 runs, which is enough to build a statistically significant model according to our 
experiences.  
Process parameters with minor / negligible influence were constant and run at the set point listed in 
Table 4. Membrane and sample temperature were not controlled and stayed within the ranges listed in 
Table 4. 
Table 4: Process parameters with minor / negligible influence 
Process parameter Set point Unit 
Peak cut start  50 mAU 
Peak cut end  50 mAU 
INAKT.F temperature 20 – 25 °C 
Membrane temperature 18 – 25 °C 
 
Altogether, 11 runs with different combinations of varied process parameters were performed.  
3.4.6 Principles of statistical evaluation 
 
• R2 – goodness of fit – is a measure of how well the model fits the raw data. 1 indicates a perfect 
model. 0.5 represents a model with a rather low significance. 
• Q2 – goodness of prediction – is a measure of estimating the predictive power of the model. Q2 
greater than 0.1 represents a significant model, while good models will have a value greater than 
0.5. Models with a value above 0.9 can be regarded as excellent. 
• Difference R2 – Q2 should be lower than 0.2 – 0.3, because a larger difference constitutes a warning 
of an inappropriate model. 
• Model validity reflects the general suitability of the model. The statistics are based on a lack of fit 
test. A value above 0.25 indicates a valid model. The higher this value, the better the validity of the 
model. Formally the model validity statistic was based on the lack of fit test carried out as part of 
the analysis of variance (ANOVA) evaluation. Note that model validity might be low in very good 





• Reproducibility is a measure of the variability of the replicates proportional to the variability across 
the entire design. A value greater than 0.5 is desired. Lower values indicate poor control of the 
experimental procedure. 
• Lack of fit (p-value) is an F-test comparing model and replicate errors with each other, and is 
satisfactory when p > 0.05. If the observed p-value is ≤ 0.05 at a confidence level of 95%, the lack 
of fit in the model is significant. 
The overall quality of the model is judged according to the following criteria: 
Excellent: the data set is very well fitted by the model. There are no uncertainties and all statistical 
diagnostic parameters are at their highest values (e.g. R2 ~ 1. Q2 > 0.9. reproducibility > 0.9) 
Good: there are significant input factors and the model explains the data well (R2 > 0.5. Q2 > 0.5 
(model validity > 0.25), reproducibility > 0.5, |R2−Q2| < 0.3, lack of fit p-value > 0.5; RSD of the 
centre point values is low, indicating a reproducibility > 0.5) 
Significant: there are significant input factors, but the predictive power is limited (R2 > 0.5. Q2 > 0.1 
(≤ 0.5), (model validity > 0.25, reproducibility > 0.5)) 
Poor: there are no significant input parameters or the model doesn’t explain the true correlation of the 
parameters, or the informative value is limited as a result of low reproducibility. The model is 
considered poor if one of the parameters is below the defined threshold (R2 < 0.5, Q2 < 0.1, model 
validity < 0.25. reproducibility < 0.5) 
No model: there are no significant input parameters observed (or quadratic model terms cannot be 
solved), and no valid values during regression analysis (negative R2), as well as for the predictive 








4 Results and discussion 
 Basic characterisation of membrane adsorbers 
4.1.1 Determination of the membrane characteristics (total porosity, membrane porosity, 
hydrogel porosity) 
 
Basic characterisation of the membrane adsorbers was done according to the description presented in 
section 3.2.1.  
Table 5 indicates the elution volume (1st moment) of two tracer molecules, dextran and NaCl, for all 
three AEC membrane adsorbers at various flow rates. These elution volumes were obtained in the set 
of experiments where tracers of different sizes were tested (presented in detail in 4.1.4). The elution 
volumes at different flow rates of both tracer molecules were used to determine the membrane 
characteristics, presented in Table 6. Here, it should be noted, that in the case of sodium chloride, peak 
tailing for all three membrane absorbers was observed, having an impact on the 1st moment 
determination for this particular tracer.   
Table 5: Determination of 1st moment for 0.18 mL Mustang® Q, 0.2 mL NatriFlo® HD-Q and 0.08 
mL Sartobind® Q, using Dextran and NaCl as tracer molecules. Calculation was done according to 
Eq.7 – Eq.10.  
Membrane adsorber  Flow rate [mL/min] Dextran NaCl 
1st moment [ml] 
 
1st moment [ml] 
Mustang® Q  1.00 0.55 0.60 
2.00 0.56 0.61 
4.00 0.57 0.62 
NatriFlo® HD-Q  1.00 0.66 0.73 
2.50 0.66 0.74 
5.00 0.65 0.74 
Sartobind® Q  0.80 0.15 0.17 
1.60 0.16 0.18 






For the estimation of the membrane characteristics, such as membrane void volume, intestinal volume, 
membrane and hydrogel porosity, the literature data of the total membrane porosity were taken for the 
calculation of void volume, intestinal volume, membrane porosity and hydrogel porosity. Based on the 
literature data, (99) estimated the total porosity of Mustang® S membrane adsorber to be 0.5 and (100) 
suggested the membrane porosity of Sartobind® S to be between 0.77- 0.94 (this data was used for the 
total ionic capacity determination, presented below). A similar porosity of 0.78 was determined for 
Sartobind® Q, data by (76), and 0.7 for Mustang® Q, by (101), (102) and (103). Literature data for 
NatriFlo® HD-Q was not found. As the manufacturer suggested a broad range of total porosity for this 
membrane adsorber, it was decided that the calculations can be performed using a total porosity of 
NatriFlo® HD-Q of 0.8.  
Table 6: Determination of membrane characteristics for 0.18 mL Mustang® Q, 0.2 mL NatriFlo® HD-






















Mustang® Q  1.00 0.70 0.47 0.08 0.45 0.45 
2.00 0.70 0.48 0.08 0.42 0.48 
4.00 0.70 0.49 0.08 0.45 0.45 
NatriFlo® 
HD-Q  
1.00 0.80 0.57 0.09 0.45 0.64 
2.50 0.80 0.58 0.08 0.40 0.67 
5.00 0.80 0.58 0.07 0.35 0.69 
Sartobind® Q  0.80 0.78 0.11 0.05 0.58 0.48 
1.60 0.78 0.12 0.05 0.57 0.49 
2.40 0.78 0.13 0.04 0.54 0.52 
 
Table 6 indicates the estimated membrane characteristics of AEC membrane adsorbers, calculated 
according to Eq.1- Eq.5 (presented in sections 3.2.2, 3.2.3, 3.2.4 and 3.2.5). In small scale capsules the 
membranes are placed in a housing, which comprises a certain void volume, in order to ensure 
appropriate flow distribution. In the case of the Sartobind® Q small scale capsule, it contains 15 
membrane layers with a membrane thickness of 275µm, stacked in a polypropilen housing. The 
solution enters on the top of the membrane device, flows through 4 mm of membrane bed height to the 





pleated membranes, with a membrane thickness of 137 µm, placed in a polypropylene housing (105). 
The membrane configuration of NatriFlo® HD-Q is also a flat sheet with a membrane bed thickness 
of 0.5 mm and nominal pore size of 0.4 µm, placed in a polypropylene housing (106), (107). 
As can be seen in Table 6, for all three membrane adsorbers, the void volume of the capsules is larger 
than the membrane volume.  
4.1.2 Total ionic capacity of AEC and CEC membrane adsorbers 
 
Total ionic capacity determination was performed with acid-base titration of the membrane adsorbers. 
The aim of the study was to determine the total ionic capacity of the individual membrane adsorbers. 
The calculation was done according to Eq. 6 (section 3.2.7).  
Figure 11 shows how the experiment was conducted. The membrane was equilibrated with 0.5M HCl, 
where the conductivity increased to approx. 180 mS/cm. After the membrane washing with Milli-Q 
water, conductivity dropped to approx. 0 mS/cm. After the injection of 0.1 M NaOH the conductivity 
started to increase again (due to ion exchange). The volume at which the NaOH was injected and the 
volume when the conductivity started to increase were determined from chromatograms for both 
experiments. The dead volume of the system (lower figure) was subtracted from the volume of NaOH 









Figure 11: Total ionic capacity determination, monitoring the conductivity in with in-line 
conductometer in the Akta system for Mustang® S with (a), and without (b) membrane adsorber.  
 
Table 7: Total ionic capacity determination for AEC and CEC membrane adsorbers. 
Membrane 
adsorber 
     𝑉𝑉𝑠𝑠 [ml]   𝑉𝑉𝑁𝑁𝑓𝑓𝑁𝑁𝑁𝑁 [ml] 𝜀𝜀𝑡𝑡𝑣𝑣𝑡𝑡 [-] 𝑐𝑐𝑁𝑁𝑓𝑓𝑁𝑁𝑁𝑁 [M] Λ [M] 
Mustang® S 0.18 0.34 0.50 0.10 0.38 
Sartobind® S 0.08 0.19 0.77 0.l0 1.03 
NatriFlo® 
HD-Q 
0.20 0.33 0.80 0.10 0.83 
Sartobind® Q 0.08 0.11 0.78 0.10 0.63 
Mustang® Q 0.18 0.28 0.70 0.10 0.52 
 
For the calculation of the total ionic capacity, the literature data for the total membrane porosity 
presented above, were taken for the calculation.  
Comparing the results of  the total ionic capacity between both CEC membrane adsorbers, Sartobind® 
S and Mustang® S, it can be concluded, that Sartobind® S indicates slightly higher ionic capacity (with 
1.03 M in comparison to Mustang® S with 0.38 M (that would be observed even in the event that the 
total porosity of 0.7 would be used for the calculation in both cases; in this case, a total ionic capacity 
of 0.79 M would be obtained for Sartobind® S and 0.63 M for Mustang® S). This is in correlation 
with the results presented in section 4.4, where the dynamic binding capacity of the monoclonal 






number of active binding sites for monoclonal antibody and impurites for both CEC membrane 
adsorbers tested (presented in the same section). 
Comparing the results of the total ionic capacity between tested AEC membrane adsorbers, Sartobind® 
Q and Mustang® Q, and NatriFlo® HD-Q, it can be concluded that NatriFlo® HD-Q (0.83 M) indicates 
the highest total ionic capacity. This is in correlation with the dynamic binding capacity determination, 
using BSA as the tested molecule (in section 4.1.5). This is also in correlation with the impurity (HCP) 
removal with AEC membrane adsorbers. Comparing the results between Sartobind® Q and Mustang® 
Q, it can be observed that the total ionic capacity of Sartobind® Q is slightly higher than the total ionic 
capacity of Mustang® Q. However, for calculation, different porosity was taken. In the case of similar 
porosity (0.7), slightly lower total ionic capacity for Sartobind® Q would be obtained (0.52 M for 
Mustang® Q and 0.46 M for Sartobind® Q). Interestingly, the dynamic binding capacity for Mustang® 
Q in comparison to Sartobind® Q, using the BSA molecule, is higher (section 4.1.5). As it was later 
seen in section 4.4, the impurity removal (HCP) in the mixture of monoclonal antibody and the present 
impurities, was lower for Mustang® Q in comparison to Sartobind® Q. This could be the result of 
phosphate ions, originating from the virus inactivation step, present in the mixture. It is known that 
phosphate ions impact the removal of impurities (and reduce the dynamic binding capacity of the 
membrane adsorber) in the presence of the primary ammine ligands. Even though the manufacturer 
claims that only quartary ammine ligands are present in Mustang® Q modules, and that it was not 
possible to fully determine the type of ligand with the pH transient method (as explained in section 
4.1.3), (60) showed the presence of primary amines, using X-ray photoelectron spectroscopy.   
4.1.3 Total ionic capacity and type of ligand determination 
 
The method is based on pH transient. It occurs after the titration of ionic groups with two buffers with 
identical pH but different ionic strength. This method was used to predict the type of ligand and total 
ionic capacity. 
The duration of pH transient is linearly proportional to the total ionic capacity, whereas the type of pH 
change during the pH transient indicates the type of ligand.   
Buffers that are normally used in production can be used for this method. Another advantage of this 
method is that it can be used for membrane adsorbers of different sizes. Two different scale membrane 
adsorbers were used, in order to evaluate if the ionic capacity stays the same during scale up, as this is 





a larger scale. The use of pH transient for the determination of the total ionic capacity is widely used 
for characterisation of the monoliths, but less for characterisation of ionic membrane adsorbers (93).  
The difference in the pH area under the curves, obtained by the titration of the membrane adsorbers 
group and the blank, where the titration of the system itself is obtained (Figure 12), was calculated for 
individual membrane adsorbers. Considering the influence of membrane volume, the values were 
normalised to the membrane volume, provided from the manufacturer.  
 
 
Figure 12: pH transient for  0.18 mL Mustang® Q, 0.20 mL NatriFlo® HD-Q and 0.08 mL in the 
upper graph, and for 0.86 mL Mustang® Q, 1.00 mL Sartobind® Q and 0.80 mL NatriFlo® HD-Q in 










Table 8: pH transient area and normalised pH transient are for strong AEC membrane adsorbers. 
Membrane adsorber Membrane 
volume [ml] 
pH transient area 
[mAU*mL-buffer] 





Mustang® Q 0.18 3.43 19.06 
Mustang® Q 0.86 15.90 18.49 
NatriFlo® HD-Q 0.20 5.26 26.30 
NatriFlo® HD-Q 0.80 19.90 24.875 
Sartobind® Q 0.08 1.96 24.50 
Sartobind® Q 1.00 23.16 23.16 
 
Comparing the results in Table 8, it is shown that the normalised pH area of small-scale AEC 
membrane adsorbers is similar. Both Sartobind® Q and NatriFlo HD® Q show a slightly higher 
normalised pH transient area with 24.50 and 24.88, in comparison to the Mustang® Q membrane 
device, with 19.06. Comparing the small scale device with their scale-up modules, again a similar 
normalised pH transient area is shown for all three AEC membrane adsorbers. This indicates that the 
number of active binding sites is similar for the smaller membrane adsorber and its scale up module. 
When we tried to determine the type of ligand it was not possible, as the change of pH within the 
module was too small, as the volume of the membrane devices is also low. There are some more 
sophisticated methods to determine the type of ligand (as suggested by (60)). 
4.1.4 Membrane adsorber volume determination and number of theoretical plate 
determination 
 
The aim of the study was the characterisation of structural and hydrodynamic properties of 0.18 mL 
Mustang® Q (Figure 13 and Figure 18), 0.20 mL NatriFlo® HD-Q (Figure 14 and Figure 21) and 
0.08 mL Sartobind® Q (Figure 15 and Figure 24) membrane adsorbers. Pulse injections (0.4CV) of 
various tracers of different sizes (dextran (2000 kDa), thyroglobulin (660 kDa), albumin (67 kDa), 
holo-Transferrin (77 kDa), NaCl), at various flow rates (recommended by the manufacturer), were used 
to determine the properties of the membrane adsorber. The tracers were diluted in Na-acetate at pH 
3.0, causing repulsion interactions between the positive net charge of the molecule and positive charge 






Elution profile for:  
- 0.18 mL Mustang® Q, at flow rate 4 mL/min (corresponding residence time of 0.045 min) can be 
seen in Figure 13. 
- 0.20 mL NatriFlo® HD-Q at flow rate 5 mL/min (corresponding residence time of 0.04 min) can be 
seen in Figure 14.  
- 0.08 mL Sartoind® Q at flow rate 2.4 mL/min (corresponding residence time of 0.03 min) can be 
seen in Figure 15.   
 
Figure 13: Curves under non-binding conditions using different sized tracers at flow rate 4 mL/min 
for 0.18 mL Mustang® Q. 
 
Figure 14: Curves under non-binding conditions using different sized tracers at flow rate 4 mL/min 






Figure 15: Curves under non-binding conditions using different sized tracers at flow rate 2.4 mL/min 
for 0.08 mL Sartobind® Q. 
 
The results of tracer molecules under non-binding conditions indicate, that at the same flow rate, 
various tracer molecules show similar elution profiles, with peak tailing. The same effect was already 
observed with the BSA eluted peak (section 4.1.6), again referring to some non-ideal flow distribution 
inside the membrane capsule. Comparing the elution volume of dextran molecules (the largest tracer 
molecule) and sodium chloride molecules (the smallest tracer molecule), it can be seen that in all three 
cases, the peak maximum of sodium chloride was slightly lower and a peak exhibited more extensive 
tailing. As a result, higher elution volume was determined for sodium chloride in comparison to the 
elution volume for dextran molecules. The reason could be in the presence of smaller pores, in which 
the sodium chloride molecule could easily enter and stay there for a little longer period of time in 
comparison to larger tracer molecules. The differences in the elution volume of both tracer molecules 
were used for the determination of the membrane adsorber characteristics (in section 4.1.4). For other 
molecules, the peak elution profiles were very similar to the elution profile of the dextran molecule. 
The whole area of the peak distribution curve of tracer molecules (zeroth moment – µ0) with and 
without module, were integrated and the recovery was determined. By calculating the first moment 
(µ1) and second moment (µ2), the mean elution volume and peak variance (respectively) were 
determined for all three AEC membrane adsorbers. Peak dispersion over the column is described by 
an equivalent number of theoretical plates (equilibrium stages) and it was determined from the first and 
second moment. 





- 0.18 mL Mustang® Q at three different flow rates: 1 mL/min, 2 mL/min and 4 mL/min (Figure 16, 
Figure 17, Figure 18)  
- 0.20 mL NatriFlo® HD-Q at flow rates: 1 mL/min, 2 mL/min and 4 mL/min (Figure 19, Figure 20, 
Figure 21) 
- 0.08 mL Sartobind® Q at flow rates: 0.8 mL/min, 1.6 mL/min and 2.4 mL/min (Figure 22, Figure 
23, Figure 24) 
As can be seen in Figure 18, showing the 1st moment calculation of various tracers as a function of 
flow rate, indicate that the elution volume for all tracer molecules for the Mustang® Q module was 
similar, between 0.5 and 0.6 mL. A similar conclusion could be observed for the NatriFlo® HD-Q 
membrane, where the elution volume of the tracer molecules is around 0.7 mL (Figure 19) and the 
Sartobind® Q membrane (Figure 22), where the elution of the tracer molecules is between 0.14 mL 
and 0.19 mL. A slightly higher elution volume for sodium chloride molecules in comparison to other 
tracer molecules was observed for all three membrane adsorbers (also at all tested flow rates). The flow 
rate had only a minor impact on the 1st moment determination. Interestingly, for all membrane 
adsorbers, the elution volume of the tracer molecules is a little higher, that is the volume of the 
membrane adsorbers device itself.   
The peak variance of the Gaussian peak, indicating the band broadening caused by the mass transfer 
process within the membrane, was calculated for all three AEC membrane adsorbers (108). The highest 
peak variance was determined for NatriFlo® HD-Q (Figure 20) with 0.12 – 0.14 mL2, followed by 
Mustang® Q (Figure 17) membrane adsorbers with 0.8 - 1.2 mL2 and the lowest for Sartobind® Q 
(Figure 23) membrane with approx. 0.01 - 0.02 mL2. These results are in correlation with the results 
presented in 4.1.6. 
The plate model is used to describe the number of separation layers, called theoretical plates. By  
theoretical plates it is assumed that equilibrium between the stationary and mobile phase for the solute 
occurs. In our case, the number of theoretical plates was calculated from the first and second moment 
and the value is merely a theoretical prediction, taking into account the effect of flow profile through 
the membranes and therefore comparison of AEC membrane adsorbers, since no adsorption was 
considered.  
NatriFlo® HD-Q membrane adsorber (Figure 21) had a higher number of theoretical plates (from 3 to 
4) in comparison to the other two membranes, where the number of theoretical plates was lower; for 





Sartobind® Q membrane (Figure 24), the number of theoretical plates varied between 2.0 and 3.0. For 
all AEC membrane adsorbers, the number of theoretical plates did not change significantly within the 
tested flow rate, indicating that performance is not dependent on the flow rate.    
 
Figure 16: 1st moment [mL] at three different flow rates (1 mL/min, 2 mL/min and 4 mL/min) for 0.18 
mL Mustang® Q. 
 
Figure 17: 2nd moment [mL2] at three different flow rates (1 mL/min, 2 mL/min and 4 mL/min) for 







Figure 18: Number of theoretical plates [-] at three different flow rates (1 mL/min, 2 mL/min and 4 
mL/min) for 0.18 mL Mustang® Q. 
 
Figure 19: 1st moment [mL] at three different flow rates (1 mL/min, 2.5 mL/min and 5 mL/min) for 






Figure 20: 2nd moment [mL2] at three different flow rates (1 mL/min, 2.5 mL/min and 5 mL/min) for 
0.20 mL NatriFlo® HD-Q. 
 
Figure 21: Number of theoretical plates [-] at three different flow rates (1 mL/min, 2.5 mL/min and 5 







Figure 22: 1st moment [mL] at three different flow rates (0.8 mL/min, 1.5 mL/min and 2.4 mL/min) 
for 0.08 mL Sartobind® Q. 
 
 
Figure 23: 2nd moment [mL2] at three different flow rates (0.8 mL/min, 1.5 mL/min and 2.4 mL/min) 







Figure 24: Number of theoretical plates [-] at three different flow rates (0.8 mL/min, 1.5 mL/min and 
2.4 mL/min) for 0.08 mL Sartobind® Q. 
 
Determination of the 1st moment, 2nd moment, number of theoretical plates and fraction recovery for 
0.18 mL Mustang® Q, 0.20 mL NatriFlo® HD-Q and 0.08 mL Sartobind® Q, using Dextran and NaCl 











Table 9: Determination of 1st moment, 2nd moment, number of theoretical plates and fraction recovery 
for 0.18 mL Mustang® Q, 0.20 mL NatriFlo® HD-Q and 0.08 mL Sartobind® Q, using Dextran and 






























1.00 0.55 0.09 0.98 3.3 0.60 0.11 1.12 2.4 
2.00 0.56 0.10 0.93 3.1 0.61 0.11 0.93 2.4 
4.00 0.57 0.10 1.02 3.3 0.62 0.10 0.97 2.5 
NatriFlo® 
HD-Q  
1.00 0.66 0.11 0.92 4.0 0.73 0.13 1.03 4.1 
2.50 0.66 0.13 0.92 3.4 0.74 0.14 0.98 3.9 
5.00 0.65 0.13 0.91 3.3 0.74 0.14 0.94 4.1 
Sartobind® 
Q  
0.80 0.15 0.02 0.97 3.0 0.17 0.02 1.02 2.2 
1.60 0.16 0.02 0.97 2.4 0.18 0.01 1.10 2.2 
2.40 0.17 0.02 0.98 2.2 0.19 0.01 0.97 1.8 
Comment: 1st moment and 2nd moment were rounded on two decimal points, as the volume of the tested 
membrane adsorbers is small. The calculated number of theoretical plates was rounded on one decimal 
point, as the second decimal point is not statistically significant. 
 
4.1.5 Dynamic binding capacity determination 
 
Dynamic binding capacity is defined as the amount of product that binds to the membrane adsorber 
under binding conditions. It is calculated, based on the amount of the product that can be loaded on the 
membrane, before significant product levels are measured in the flow-through collected fractions (the 
break-through point). For this set of experiments, the BSA molecule, diluted in a low salt buffer, was 
used as the tested molecule.  
Three AEC membrane adsorbers (0.08 mL Sartobind® Q, 0.18 mL Mustang® Q and 0.20 mL 
NatriFlo® HD-Q), were equilibrated with low salt running buffer (TRIS-HCl, pH 7.4) at minimal 
recommended flow rate for the individual membrane adsorber, provided by the manufacturer: 0.8 
mL/min for Sartobind® Q (equal to a residence time of 0.10 min), 1 mL/min for Mustang® Q 
(residence time 0.18 min) and 1 mL/min for NatriFlo® HD-Q (residence time 0.20 min). The tested 





was loaded onto the membrane adsorbers in the so called loading phase. The BSA molecule bound to 
the ligand, as the molecule is negatively charged at the selected buffer pH (isoelectric point of the BSA 
molecule is 4.7), whereas the ligand of all three tested membrane adsorbers (quarternary ammine) is 
positively charged at the same buffer conditions. The BSA bound to the ligand, until saturation of the 
binding sites was reached. From that moment onward, the BSA molecule did not have any free ligand 
to bind on, therefore it passed through the membrane and it was detected at the membrane outlet with 
the UV spectroscopic method at 280 nm wave-length. Information about the membrane capacity, to 
which the membrane adsorber can be utilised, was obtained from the BSA molecule break-through 
curves and by calculating according to equations [(1), (2), (3) in section 3.2.13]. The loading phase 
was stopped when the concentration of BSA in the collected fractions reached the starting 
concentration of the BSA molecule. After the loading phase, the membrane was washed with the same 
low salt buffer that was used for membrane equilibration, in order to wash out the unbound BSA 
molecule. Bound BSA was finally eluted by applying a linear salt gradient (TRIS-HCl, pH 7.4). The 
eluted BSA was also collected and the concentration of BSA was measured in the collected fraction. 
The mass balance between the eluted and loaded BSA was calculated from the volume of the loading 
BSA solution and the volume of the eluted BSA solution. To accurately estimate the amount of laded 
BSA, system dead volume has to be subtracted. In this section, the break-through curve for all three 
AEC membrane adsorbers was evaluated. In the next section (4.1.6) the elution profile peak of the BSA 









Figure 25: Dynamic binding capacity determination, using BSA as the tested molecule for 3 different 
membrane adsorbers: 0.18 mL Mustang® Q (a), 0.08 mL Sartobind® Q (b) and 0.20 mL NatriFlo® 
HD-Q (c), at the manufacturers’ minimum recommended flow rate for individual membrane adsorber. 
Concentration of BSA in the loading solution: 1 g/L. 
 
The shape of the break-through curve (Figure 25) gives us information about the dynamics of solute 
binding on the membrane adsorber as a function of mass transfer and binding kinetics. 
When the molecule in the solution enters the membrane, it comes into contact with the ligand, present 
in the first few layers of adsorbent. Solute molecule adsorbs in the thin layer and it fills up some of the 
available sites. When the adsorbent near the entrance is saturated, the fluid penetrates further into the 







binding of the molecules occurs in the inner space of the membrane. In the case of ideal flow of the 
solute through the membrane, an ideal, S-shaped and symmetrical break-through curve is obtained. 
Any deviations from the ideal flow of the solute through the membrane result in a non-symmetrical S 
break-through curve. The proper flow rate of the solution, allowing the diffusion of the solute to the 
binding site and rearranging their structure to the most optimal one, must be applied in order to obtain 
the full adsorption capacity of the membrane. However, the flow distribution within the module itself, 
even pore size and pore size distribution, are of significant importance, as the convective feed flow, 
containing the solute, flows primarily through the larger pores and the binding of the molecule occurs 
in there, whereas the diffusion of the molecule into smaller pores is a slower process. The wave front 
can change shape when it moves through the bed, referred to as peak broadening. Peak broadening is 
the result of mixing, channelling and dead volumes. An important aspect is the optimisation of the 
membrane housing with respect to minimising capsule void volume, and to design proper flow 
distributors in membrane adsorbers. This is of significant importance especially in the case of the 
membrane adsorber, where the volume of the membrane device itself is smaller than the volume of the 
detector, pump and circuit. Also, those parameters have a strong influence on the break-through curve 
shape.  
As can be seen in Figure 25, the shape of the break-through curve of BSA molecule for Sartobind® Q 
and Mustang® Q, is at the beginning very sharp, however in both cases the tailing effect near 100% 
break-through was observed. Near membrane saturation, slower mass transfer is observed. The reason 
could be in the presence of grafted polymer layers, causing limited access to the binding sites or due 
to other reasons (109). The break-through curve of NatriFlo® HD-Q is not as sharp as for the other 
two membrane adsorbers, indicating slower mass transfer of the molecule. The reason can be in the 
structural difference between the tested AEC membrane adsorbers. NatriFlo® HD-Q consists entirely 
of the porous polyacrylamide hydrogel, and as a membrane itself, does not have a base material as in 
the case of Sartobind® Q and Mustang®Q; hydrogel itself can have inhomogeneous distribution of 
pores of different sizes. On the one hand, polyacrylamide hydrogel provides a higher dynamic binding 
capacity for NatriFlo® HD-Q for the BSA molecule (below), probably due to higher specific surface 
area and higher total ionic capacity (evaluated in section 4.1.2).  
Additional evaluation of the break-through curves for various tracers under non-binding conditions 





Table 10: Dynamic binding capacity for 0.18 mL Mustang® Q, 0.2 mL NatriFlo® HD-Q and 0.08 mL 
Sartobind® Q, at 10% and 50% of break-through and dynamic binding capacity, determined from the 

















Mustang® Q 1.0 48.6 64.8 46.7 
Sartobind® Q 0.8 29.1 44.3 28.9 
NatriFlo®HD-Q 1.0 200.0 256.6 185.0 
 
As can be seen from Figure 25 and Table 10, NatriFlo® HD showed the highest dynamic binding 
capacity, determined at 10% of break-through (200 g/L), 50% of break-through (256.6 g/L) and 
determined from the eluted BSA (185.0 g/L). Both Mustang® Q and Sartobind® Q show lower 
dynamic binding capacity with 48.6 g/L or 29.1g/L at 10% of break-through and 64.8% or 44.3% at 
50% of break-through. From the literature data, dynamic binding capacity determined for Sartobind® 
Q is around 27 g/L (determined by (110), using 0.01 M phosphate Buffer pH=7). Dynamic binding 
capacity, determined in our set of experiments using the Sartobind® Q membrane, is similar to the 
literature data. The literature data (111), (112) refer the dynamic binding capacity of 56 g/L for 
Mustang® Q at 10% of break-through, and the dynamic binding capacity in our case is also similar to 
the literature data.   
Several parameters of the solution used for the experiments, structure of the membrane adsorber and 
molecule itself, might have impacted the dynamic binding capacity determination. The first two 
parameters are the pH and the ionic strength of the solution, used not only for membrane equilibration, 
but the same buffer also served as the buffer in which the BSA molecule, used for the dynamic binding 
capacity determination, was diluted. The pH of the solution impacted the net charge of the molecule. 
By increasing the pH of the solution, the BSA molecule becomes more negatively charged, resulting 
in higher electrostatic interaction with the ligand groups and therefore higher dynamic binding capacity 
can be determined. The addition of the salt in the buffer solution might result in lower dynamic binding 
capacity determination, as the ions present in the solution could cause screening of the electrostatic 
interactions between the ammonium ion and negatively charged molecule. The ions present also 





shrinking of the base material, resulting in lower membrane porosity and lower accessibility of the 
molecule to the binding sites. An additional parameter, that could impact the dynamic binding capacity 
determination, is the structure of the membrane itself. One parameter is the number of ligands (total 
ionic capacity of the membrane), that is available for the binding of the molecule, the others are the 
pore size and pore structure. As for both Sartobind® Q and Mustang® Q, the base membrane is covered 
with three dimensional hydrogel grafted with polymeric chains; it is important for the manufacturers 
to optimise the pore structure and three dimensional arrangement of the ion-exchange ligands, as the 
steric hindrance and steric exclusions for the tested molecules must be minimised. (113) showed that 
the BSA concentration also impacts dynamic binding capacity determination. Finally, the BSA 
molecule is not as complex as the monoclonal antibody structure and the other impurities (such as host 
cell proteins, agregates and viruses), therefore some differences in dynamic binding capacity between 
BSA and monoclonal antibody could also be expected. Therefore, when developing a purification 
process using a mixture of monoclonal antibodies and the present impurities, dynamic binding capacity 
must be determined case by case. In section 4.3 we focused on finding the optimal chromatography 
conditions for the separation of monoclonal antibody and present impurities (host cell proteins). As we 
were developing a purification process for AEC membrane adsorbers in chromatography conditions 
where the monoclonal antibody (due to its net charge) did not bind on the positively charged 
ammonium ligands, and was collected in flow-through collected fraction, despite the fact that the 
negatively charged impurities bound to the ligand, we focused mostly on determining the dynamic 
binding capacity for the impurities.  
4.1.6 Elution profiles of the BSA molecule for AEC membrane adsorbers 
 
After the loading of BSA molecule on the AEC membrane adsorbers, unbound BSA was washed out 
of the membrane and the bound BSA was eluted with TRIS-HCl, 1M NaCl buffer with pH 7.4 
(experiment is presented in detail in section 4.1.5). For the individual membrane adsorbers, different 
flow rates during the elution phase were applied: 0.8 mL/min for Sartobind® Q (residence time 0.10 
min), 1 mL/min for Mustang® Q (residence time 0.18 min) and 1 mL/min for NatriFlo® HD-Q 









Figure 26: Elution profiles of BSA molecule for 0.18 mL Mustang® Q (upper), 0.08 mL Sartobind® 
Q (middle), and 0.20 mL NatriFlo® HD-Q (lower) at the manufacturers’ minimum recommended flow 






Figure 28 shows the elution peaks for the Sartobind® Q, Mustang® Q and NatriFlo® HD-Q devices. 
The eluted mass, and dynamic binding capacity determined in BSA eluted fraction, were calculated 
and the results are presented in Table 11. 
Table 11: Dynamic binding capacity for 0.18 mL Mustang® Q, 0.2 mL NatriFlo® HD-Q and 0.08 mL 
Sartobind® Q, determined from the eluted BSA that bound on the membrane in the loading phase. 
Membrane adsorber Flow rate [mL/min] Dynamic binding capacity determined 
in BSA eluted fraction [g/L] 
Mustang® Q 1.0 46.7 
Sartobind® Q 0.8 28.9 
NatriFlo® HD-Q 1.0 185.0 
 
As can be seen from Table 11, similar dynamic binding capacity determined from the eluted BSA, was 
obtained, compared to the DBC that were determined from the break-through experiments (4.1.5). 











Figure 27: Elution profiles of BSA molecule for 0.18 mL Mustang® Q (a), 0.08 mL Sartobind® Q 
(b), and 0.20 mL NatriFlo® HD-Q (c) at manufacturers’ minimum recommended flow rate for 
individual membrane adsorber. Concentration of BSA in the loading solution: 1 g/L. 
 
All three membrane adsorbers indicate tailing of the eluted peak for the tracer molecules, and 
asymmetrical elution profiles (Figure 28). In the table below (Table 12), peak width at half-height, 
asymmetric ratio and tailing factor were calculated for individual membrane adsorbers (according to 
equations (4) and (5), presented in 3.2.14). The asymmetry ratio was calculated at 10% of the peak 









Table 12: Peak width at half-height, asymmetric ratio and tailing factor obtained for AEC membrane 
adsorbers at the same flow rate of 1 mL/min, using 1g/L of BSA. 0.1 CV of BSA was injected onto the 
membrane under non-binding conditions. 
Elution properties Sartobind® Q Mustang® Q NatriFlo® HD-Q 
a (5%) 0.4 0.6 0.6 
b (5%) 1.2 1.8 1.8 
Tailing factor 2.0 2.1 2.0 
a (10%) 0.4 0.6 0.6 
b (10%) 0.9 1.5 1.5 
Asymmetry ratio 2.3 2.6 2.5 
Peak width at half-height (mL) 0.2 0.4 0.3 
 
Comparing the elution peaks, Sartobind® Q indicates slightly sharper and more symmetrical elution 
peaks, with lower values of asymmetry ratio (2.3), tailing factor (2.0) and peak width at half-height 
(0.2 mL) at a flow rate of 1 mL/min. That might indicate slightly better flow distribution within the 
Sartobind® Q at a flow rate of 1 mL/min in comparison to NatriFlo® HD-Q and Mustang® Q. All 
three parameters: asymmetry ratio of 2.5 (NatriFlo® HD-Q) and 2.6 (Mustang® Q), tailing factor of 
2.0 (NatriFlo® HD-Q) and 2.1 (Mustang® Q) and peak width at half-height of 0.3 mL (NatriFlo® HD-
Q) and 0.4 mL (Mustang® Q), were slightly higher in those membrane adsorbers.  
These conclusions partly correlate with the results obtained in the section describing DBC break-
through curves, where the steepest break-through curve was observed for Sartobind® Q. Interestingly, 
the break-through curve for Mustang® Q is steeper in comparison to NatriFlo® HD-Q, however based 
on the results of the elution profiles, slightly better performance was not confirmed. However, it should 
be noted, that the difference in the elution profiles is small and no significant differences between the 
performance of all three AEC membrane adsorbers are expected. Additionally, these are small scale 
modules, and in some cases the flow distribution in the scale-up modules is different and it would be 
interesting to see the differences between small scale and scale-up modules. 
4.1.8 Impact of flow rate  
 
The impact of flow rate on the dynamic binding capacity was also evaluated with a similar experimental 
set-up as described 4.1.5. Flow rates for individual membrane adsorbers were varied in the range of 





impact on the dynamic binding capacity determination. The reason is in the open pore structure of the 
membrane adsorbers, where the binding of the molecules to the binding sites depends mostly on the 










Figure 28: Dynamic binding capacity determination at various flow rates, using BSA as the tested 
molecule for 0.18 mL Mustang® Q (at flow rates: 1 mL/min, 2 mL/min and 4 mL/min, a), 0.08 mL 
Sartobind® Q (at flow rates: 0.8 mL/min, 1.6 mL/min and 2.4 mL/min, b), and 0.20 mL NatriFlo® 
HD-Q (at flow rates: 1 mL/min, 2 mL/min and 5 mL/min, c) at manufacturers’ maximum flow rate for 
the individual membrane adsorber. 
 Conclusions from the first part of the doctoral thesis and connection with the 
second and third part of the doctoral thesis  
 
First part of the doctoral thesis includes the basic characterisation of selected AEC and CEC ion-
exchange membrane adsorbers available on the market, with simple, inexpensive, fast and non-
destructive techniques. Membrane characteristics: capsule void volume, interstitial volume, membrane 
porosity, hydrogel porosity, total ionic capacity determination and number of theoretical plates, were 
estimated for AEC membrane devices, using buffers and tracers of different sizes. Mass transport and 
hydrodynamic characteristics of devices were evaluated by dynamic binding capacity determination 
and evaluation of peak elution profiles using BSA molecule as the tested molecule. The determined 
membrane characteristics of AEC membrane adsorbers (Sartobind® Q, Mustang® Q and NatriFlo® 
HD-Q) were used to describe the expected performance of the membrane adsorbers.  
Based on the results in the first part of the doctoral thesis, it was shown that NatriFlo® HD-Q has the 
highest dynamic binding capacity, at 10% break-through (with approx. 200 g/L), total ionic capacity 






AEC membrane adsorbers. Comparing the Mustang® Q and Sartobind® Q membrane adsorbers, 
slightly higher DBC, total ionic capacity (when considering similar total membrane porosity) and 
number of theoretical plates was observed for the Mustang® Q membrane. DBC10%: 49 g/L vs. 29 g/L, 
total ionic capacity, when considering similar total membrane porosity: 0.52 M vs. 0.46 M and 
calculated number of theoretical plates: 2.6 vs. 2.4. Notwithstanding the highest DBC, total ionic 
capacity and calculated number of theoretical plates for NatriFlo® HD-Q, the peak elution profiles of 
Sartobind® Q indicate slightly better performance of this membrane adsorber. The elution profiles of 
Sartobind® Q show slightly sharper and more symmetrical elution peaks, with lower values of the 
asymmetry ratio (2.3), tailing factor (2.0) and peak width at half-height (0.2 mL). That might indicate 
slightly better flow distribution within the Sartobind® Q module at a flow rate of 1 mL/min, in 
comparison to NatriFlo® HD-Q and Mustang® Q. All three parameters: the asymmetry ratio of 2.5 
(NatriFlo® HD-Q) and 2.6 (Mustang® Q), tailing factor of 2.0 (NatriFlo® HD-Q) and 2.1 (Mustang® 
Q) and peak width at half-height of 0.3 mL (NatriFlo® HD-Q) and 0.4 mL (Mustang® Q), were slightly 
higher in those membrane adsorbers.  
Those conclusions partly correlate with the results obtained in the section describing DBC break-
through curves, where the steepest break-through curve was observed for Sartobind® Q. Interestingly, 
the break-through curve of Mustang® Q is steeper in comparison to NatriFlo® HD-Q, however, based 
on the results of the elution profiles, slightly better performance was not confirmed. However, it should 
be noted that the differences in the elution profiles are small, and no significant differences in the 
performance of any of the three AEC membrane adsorbers are expected. Additionally, these are small 
scale modules, and in some cases the flow distribution in the scale-up modules is different, and it would 
be interesting to see the difference between small scale and scale-up modules. 
For all three membrane adsorbers, it was shown that the flow rate, kept within the manufacturer 
recommendations for the individual membrane adsorber, does not have a significant impact on the 
dynamic binding capacity, using BSA molecule or other tracer molecules.  
In the second and third part of the doctoral thesis, the mixture of monoclonal antibody with impurities 
present (HCP, aggregates), was utilised in order to compare the obtained results from the first part and 
to see if any correlations with the basic characterisation of the membrane adsorbers can be drawn. 
A statistical tool was used to determine the chromatography conditions where the optimal separation 
between the monoclonal antibody and the impurities present is obtained. As host cell protein is a 
mixture of proteins with different properties (different size and isoelectric point), 2D-DIGE analytics 





adsorbers. Additionally, when using membrane adsorbers as a purification tool for the removal of the 
impurities and applying higher membrane loadings, it is necessary to evaluate the HCP break-through 
point, therefore samples with different amounts of HCPs were used. In the third part of the doctoral 
thesis, the mechanistic modelling-based approach was used in order to evaluate the performance of 
CEC membrane adsorbers (Sartobind® S and Mustabng® S). For that purpose, the Yamamoto model 
was used to determine the number of active binding sites and estimate the conductivity range for the 
efficient removal of aggregates, while maintaining a high monoclonal antibody recovery at different 
pH levels of the loading material, using the mixture of monoclonal antibody (mAb) solution with 
impurities present. Conclusions obtained in this part were compared with the results obtained from the 
statistical based approach.  
 Statistical DoE approach for anion-exchange-membrane adsorbers  
 
The AEC membrane adsorbers were tested with the aim of placing them after the protein A step to 
remove the product-related impurities, such as HCPs and aggregates. The optimal chromatography 
conditions, with respect to HCP impurity removal, were determined for NatriFlo® HD-Q, Mustang® 
Q and Sartobind® Q using a statistical DoE approach. A high mAbs recovery (>95%) with no 
aggregate removal was obtained for all the tested conditions (data not shown), confirming that no mAbs 
adsorption occurs on the membrane. The membrane load, pH and ionic strength of the buffer were 
varied, with the results shown in Figure 29. As expected, the loading pH value and the ionic strength 
of the sample have an impact on the HCP removal for all the membrane adsorbers, since they all have 
quaternary amine as a functional group. All the membrane adsorbers exhibited the same trend: HCP 
removal increases with an increase of the loading pH and a decrease of the ionic strength. NatriFlo® 
HD-Q and Sartobind® Q show a broader conductivity range for the HCP removal per volume of 






Figure 29: Spot plots obtained from the statistical DoE approach for the three membrane adsorbers: 
Mustang® Q (top); NatriFlo® HD-Q (middle) and Sartobind® Q (bottom). Membrane load: 2 kg of 
mAb/L membrane adsorber (left); 5 kg of mAb/L membrane adsorber (right). Amount of HCPs in the 
Protein A eluate: 110 ppm. Sweet spot plots (orange area) obtained with the DoE statistical approach, 
indicate the area with 6-fold HCP removal and concentration below 50 ppm in flow-through. The blue 
area represents the region where only one criterion, the amount of HCPs below 50 ppm, was fulfilled. 
The target amount of HCPs in flow-through collected fractions was based on the target specifications 






Although spot plots (Figure 29) are very informative when estimating the region where certain criteria 
are met, they provide no information about the trend of HCP removal during the membrane loading. 
Therefore, additional HCP breakthrough experiments were performed, monitoring the concentration 
of HCPs at the membrane adsorber’s outlet. To investigate the robustness of the membrane’s 
performance, four different starting materials with the same mAb, but differing in HCP concentration, 
were tested. The pH of the loading material was adjusted with TRIS to a neutral pH of 7.0, while the 
conductivity was adjusted to 4 mS/cm, a common value for the Protein A eluate. The results are 
presented in Figure 30. 
 
Figure 30: Normalised concentration of HCPs in the membrane outlet during loading for three 





different starting materials of the same mAb, containing different amounts of HCPs, were used: 830 
ppm (orange), 346 ppm (green) and 72.9 ppm (violet). As for the fourth batch, two different materials 
were used, due to a limited amount of available material. For Sartobind® Q and NatriFlo® HD-Q, a 
batch with 412 ppm was used (blue), whereas for Mustang® Q a batch with 110 ppm was used (black). 
The loading sample pH value was 7.0 and conductivity 4 mS/cm. Arrows suggest at which membrane 
load the amount of HCPs in a flow-through exceeded the target value of 50 ppm. For conditions where 
the arrow is not graphically presented, the amount of HCPs did not reach the targeted value. The dotted 
horizontal line on the graphs represents the 6-fold HCP reduction. 
 
Several interesting conclusions can be drawn from the obtained results. For all three membrane 
adsorbers there are some HCPs present at the outlet from the very beginning of the loading, an 
indication that approximately 4% of all HCPs do not bind to the membrane under the applied 
conditions. More importantly, the normalised outlet HCP concentrations almost overlap, indicating 
that a reduction of the HCPs can be predicted, by just knowing the amount of loaded material, 
independently of the concentration of HCPs in the initial sample. The 6-fold HCP removal, used as one 
of the criteria in Figure 29, is present as a dotted horizontal line in the plots in Figure 30. For NatriFlo® 
HD-Q and Sartobind® Q HCPs, a 6-fold reduction is achieved for loadings of 5 kg/L and even for 
loadings of 10 kg/L. Conversely, a reduction below 6-fold is demonstrated for Mustang® Q, even for 
loadings slightly above 1kg/L. An estimation of when the 6-fold HCP reduction threshold is reached 
is further facilitated by the almost linear trends (also for Mustang® Q if a loading only up to 2kg/L is 
taken into account, i.e., the range of interest for HCP removal), probably as a consequence of 
multicomponent equilibria (HCPs consists of thousands of proteins). This also facilitates a rough 
estimation of the loading amount when the HCP concentration in the outlet exceeds 50 ppm, set as a 
target for the particular mAb. The experimentally determined values are indicated with arrows in 
Figure 30. The obtained results indicate that we can derive a simple protocol to estimate the amount 
of loaded material on the membrane, based on the initial amount of HCP in a loading sample and the 
type of membrane to be used. However, it should be noted that in our case, the breakthrough of the 
HCPs for Sartobind® Q and NatriFlo® HD-Q was not achieved within the tested range; therefore, any 
extrapolation of the linear dependency to even higher loadings is questionable.    
While the obtained results provide information about the quantity of removed HCPs, there is no data 
relating to the removed HCP profile potentially caused by the differences among the tested membranes. 
To obtain an insight, we analysed the HCP profile eluted from the membrane adsorbers with a 2D 





were separated on a gel, based on their molecular weight and isoelectric point (114). Quantitative 
analyses of the samples were performed based on the relative intensities of the fluorescing labels of the 
protein spots. In order to efficiently eliminate the gel-to-gel variation, to improve the accuracy of the 
quantification between the samples from different gels, and to detect small differences in the protein 
labels, internal standards were used (115). Two replicates of the same sample were analysed in order 
to counteract analytical variability. The same sample as used for the loading experiments (conductivity 
of 4 mS/cm and pH value 7.0) was loaded on all three membrane adsorbers at a membrane load of 2 
kg/l. The retained HCPs were eluted with a 1-M NaCl concentration in a TRIS-HCl buffer, pH 7.0, and 
analysed with the HCP ELISA and the 2-D DIGE technique. The HCP ELISA results indicated that 
the overall amount of adsorbed HCPs was 95% for Sartobind® Q and NatriFlo® HD-Q, and 80% for 
Mustang®Q. Comparisons of the 2-D DIGE data for the membrane-adsorbers pair, i.e., for Mustang® 
Q and NatriFlo® HD-Q (top), Mustang® Q and Sartobind® Q (middle) and NatriFlo® HD-Q and 






Figure 31: Two-Dimensional Gel Electrophoresis, comparing the differences in content of individual 
HCPs between Mustang® Q and NatriFlo® HD-Q (top), Mustang® Q and Sartobind® Q (middle) and 
NatriFlo® HD-Q and Sartobind® Q (bottom) under the same loading conditions (pH 7.0, ionic strength 
4 mS/cm and membrane load 2 kg/l). Orange spots on the gels represent a statistically significant 
difference in the content of each protein by at least 30%. 
 
Interestingly, all the membrane adsorbers removed the same sub-population of HCPs. The only 
difference between the membrane adsorbers was in the ratio (difference above 30%) of removed sub-
species, as indicated by the orange spots. Sartobind® Q and NatriFlo® HD-Q show a similar HCP 
pattern. The composition of the removed HCPs with Mustang® Q is also similar to Sartobind® Q and 





to the lower HCP capacity or due to a difference in the structure of the binding site, as suggested by 
(60).   
 Aggregate removal with different cation-exchange-membrane adsorbers 
 
The removal of aggregates is important as their presence in the protein drug product can induce an 
adverse immune response in patients, which could affect safety and efficacy (116). Since anion-
exchange-membrane adsorbers used for HCP removal were not able to remove aggregates with 
conditions that enabled HCP removal, cation-exchange-membrane adsorbers were tested for this 
purpose. As implemented, the mAb has an isoelectric point above 8. The loading pH should be 
substantially above this isoelectric point to allow binding of the mAbs and aggregates and to design 
the purification process in bind-elute mode. Due to a low membrane capacity in comparison to 
particulate supports, the process was designed in such a way as to only bind aggregates, being in smaller 
quantities and exhibiting stronger binding, while the mAbs should be in the flow-through (117).  
Strong cation-exchange-membrane adsorbers, Sartobind® S and Mustang® S, were used to investigate 
their ability for aggregate removal. The NatriFlo® HD-Sb, mix-mode, cation-exchange-membrane 
adsorber was not fully evaluated, as a limited size of module was available on the market at the time 
the experimental work was designed. The impact of sample pH for both tested CEC membrane 
adsorbers was assessed with a series of experiments, where the load conductivity (4 mS/cm) and 
membrane load (1 kg/L) were kept constant, whereas the pH value was varied between 4.5 and 7.0. 
The results in Figure 32 show that a lower pH of the loading sample has a positive impact on aggregate 
removal, reaching a normalised outlet aggregate concentration of 0.31 for Sartobind® S and 0.41 for 
Mustang® S. Sartobind® S showed a slightly higher relative aggregate removal for all the tested pH 






Figure 32: Normalised outlet aggregate concentration with 0.18 mL Mustang® S at residence time 
0.045 min (green bars) and 0.08 mL Sartobind® S at residence time 0.03 min (black bars) at load pH 
range from 4.5 to 7.5, and the same ionic strength of the loading sample (4 mS/cm). Membrane loads 
for both CEC adsorbers: 1 kg/l. The amount of aggregates in the starting material: 1.8%.  
 
In order to investigate the effect of ionic strength on the efficiency of aggregate removal and to predict 
the optimal loading conditions, a simple mechanistic modelling-based approach was used (Yamamoto 
model) (118) (119). Although the modelling could predict the pH effects [ (120), (121) (122), (123) 
(124), (125)] this would require additional experiments and extensive computational efforts, which was 
not within the scope of this study. Both the aggregates and mAbs were loaded onto the membrane 
adsorbers at a low ionic strength and eluted with salt gradients at different gradient slopes. The pH of 
the loading sample, obtained with the Protein A capture step, was adjusted with TRIS-base to several 






Figure 33: Linear gradient elution from 0% to 100% of elution buffer (containing 1M NaCl) for 0.08 
mL Sartobind® S at three different pH levels: pH 5.0 (upper left), 5.5 (upper right) and 6.0 (lower left) 
using Sodium citrate or Sodium acetate as equilibration, wash and elution buffer. Flow rate for all LGE 
experiments: 2.4 mL/min (residence time 0.030 min). Gradient length: 200 CV (blue line), 400 CV 
(orange), 600 CV (green) and 800 CV (purple).    
 
Figure 34: Linear gradient elution from 0% to 100% of elution buffer (containing 1M NaCl) for 0.18 





using Sodium citrate or Sodium acetate as equilibration, wash and elution buffer. Flow rate for all LGE 
experiments: 4.0 mL/min (residence time 0.045 min). Gradient length: 200 CV (blue line), 400 CV 
(orange), 600 CV (green) and 800 CV (purple). 
 
As it can be seen from Figure 33 and Figure 34, by gradient slope decrease, the peak width and elution 
volume are influenced, as the peak elution profiles start to broaden. At the same time, by decreasing 
the gradient slope, a higher resolution between the mAb and aggregates is obtained. 
The experiments were performed at three different pH values for the individual CEC membrane 
adsorbers. As can be seen from graphs above, the mAb and aggregates start to elute at lower elution 
ionic strength at higher pH (6.0) of the solution/buffer compared to the elution profiles at lower pH 
values (pH 5.0), where the elution of mAb and aggregates occurs at higher ionic strength. This is due 
to the fact that at a lower pH of the solution, the net charge of the protein is more positive and binds 
stronger on the negatively charged ligand (sulphuric acid) in comparison to when the pH of the solution 
is higher.    
GH-IR (Yamamoto) plots were drawn from the experimentally determined elution salt concentration 










Figure 35: Elution salt concentration vs. normalised gradient slope (Yamamoto plots) for mAbs and 
aggregates with Mustang® S (green line) and Sartobind® S (black line) at load pH 5.0 (a), load pH 5.5 








As expected, the aggregates bind more strongly and have a larger number of active binding sites than 
the mAbs.  From the results we can calculate the number of active binding sites (the value of slope 
reduced by one) adsorbed on molecules that interact with the matrix. Plotting this value as a function 
of pH provides more descriptive information (Figure 36). 
 
 
Figure 36: Effect of pH value on the number of binding sites, involved in a protein adsorption, for 
mAbs and aggregates for both membrane adsorbers. 
 
As expected, there is the same trend for both membrane adsorbers: the number of active binding sites 
increases at lower pH, since the pH moves further from the mAb isoelectric point, and therefore its 
surface charge increases. Different slopes of increase for Mustang® S and Sartobind® S, but consistent 
between the mAbs and aggregates, is indicative of slightly different behaviour of the ligands in the 
tested membrane adsorbers. These differences indicate that the tested membrane adsorbers might have 
slightly different behaviours for different samples. The results also allowed a calculation of the 
distribution coefficient as a function of ionic strength (shown as conductivity) for the mAbs and 
aggregates, useful for the design of a purification process. The distribution-coefficient data are 






Figure 37: Distribution coefficient depending on the load conductivity at load pH 5.0 (top left), load 
pH 5.5 (top right) and load pH 6.0 (bottom) for Mustang® S (green) and Sartobind® S (black) for mAb 
(solid line) and aggregates (dashed line). 
 
The data in Figure 37 indicates that the pH value has an impact on the optimal conductivity range for 
aggregate removal. Pure monoclonal antibody and aggregates are retained at higher conductivities, 
when the pH value is lower. This confirms the results in Figure 32, where higher aggregate removal is 
obtained at lower pH values of the loading material. Furthermore, both mAbs and aggregates are 
retained at higher salt concentrations on Sartobind® S than on Mustang® S. This might be due to 
differences in the ligand density or the different structure of the adsorption site.  The nature of their 
interaction on both supports seems to be the same as the number of active binding sites, and is 
comparable for every pH value on both membranes, indicating that the same residual groups on the 
protein are involved. The differences in the distribution coefficient between the monomeric mAbs and 
the aggregates confirm that there is a window within which the aggregates are retained, while the 
monomeric mAbs pass unrestricted through the column. Interestingly, this window becomes larger 





mS/cm for Mustang® S and 4.9 mS/cm for Sartobind® S, at pH 5; at pH 5.5 it is 5.9 mS/cm for 
Mustang® S and 5.7 mS/cm for Sartobind® S, while at pH 6, the difference is 6.2 mS/cm for Mustang® 
S and 6.4 mS/cm for Sartobind® S. On the other hand, we have to keep in mind that by increasing the 
pH value, the interaction becomes weaker, presumably also resulting in a lower binding capacity, and 
therefore a reasonable compromise has to be chosen during sequence development.  
To elucidate these effects we additionally performed a statistical DoE. The results plotted in Figure 38 




Figure 38:  Impact of load pH and conductivity on normalised aggregate concentration at outlet of 
Sartobind® S (upper graph) and Mustang® S (lower graph). Membrane load was 1 kg of monoclonal 






A low pH in combination with a low conductivity has a positive impact on aggregate removal. Due to 
the lowest aggregate removal being at the highest pH value, the purification sequence including AEC 
and CEC membrane adsorbers without an intermediate pH adjustment would not result in the desired 
quality of the drug. In order to effectively remove the impurities with downstream purification steps 
and to meet the reference biologics target values for HCPs and aggregates, not only is the pH 
adjustment in between the steps needed, it is also important to keep the ionic strength of the load 
material for both purification steps as low as possible. Therefore, pH adjustment of the starting material 
between AEC and CEC to pH 5.0 and keeping the conductivity ≤4 mS/cm was selected for the 
connected purification sequence.  However, the data obtained using the Yamamoto model predicts the 
partial retention of mAb under selected conditions, which was experimentally verified (see Figure 39).  
 
Figure 39:  Impact of load pH and conductivity on normalised mAbs concentration at outlet of 
Sartobind® S (upper graph) and Mustang® S (lower graph). Membrane load was 1 kg of monoclonal 






As expected, the highest recovery was observed at high pH and conductivity values. Surprisingly, 
however, the measured values were high even for low conductivity. Based on the data in Figure 37, 
we would expect strong mAbs binding at a conductivity of, e.g., 5 mS/cm, since the distribution 
coefficient was estimated to be well over 100 for all the tested pH values. To elucidate the reasons for 
the observed discrepancy, the mAbs and aggregate outlet concentrations during loading were 
measured. The results are presented in Figure 40.  
 
Figure 40: normalised monoclonal antibody concentration (top) and aggregate concentration (bottom) 
at outlet for 0.18 mL Mustang® S (residence time 0.045 min) and 0.08 mL Sartobind® S (residence 
time 0.03 min) using three different loading materials. Samples containing 1.6% aggregates was eluted 
from the Protein A column, while samples containing (2.5% and 3.8%) aggregates passed further 
through the AEC step. pH of the load material was adjusted with TRIS base to pH 5.0, whereas the 
conductivity was kept constant at 4 mS/cm. The right hand plots are magnified initial plots of the left 
hand plots. 
The results of the outlet mAbs concentration revealed that in accordance with results from Figure 37, 
all the mAb and aggregates do initially bind to the matrix (Figure 40, top right), as previously 
predicted. However, at membrane loads between 0.030 and 0.055 kg mAbs/L, the concentration of 





by the aggregates, which bind more strongly to the matrix. This hypothesis is also supported by the 
fact that a breakthrough of the mAbs depends on the concentration of aggregates in the load: the higher 
the aggregate concentration, the earlier the mAb breakthrough occurred (Figure 40, top right). An 
additional confirmation that displacement is the probable reason is provided by an analysis of the 
aggregates breakthrough curve (Figure 40, bottom). Aggregate breakthrough occurs at higher loadings 
(between 0.08 and 0.11, see Figure 40, bottom right), an indication that the breakthrough of mAbs is 
not due to matrix saturation.  Interestingly, the breakthrough of aggregates is shallower than that of the 
mAbs. Although this might be due to slower diffusivity of the aggregates, the difference seems to be 
too small to explain such a shape. Therefore, we investigated the nature of the aggregates on the SEC 
column (Figure 41).   
 
Figure 41: Structural differences between different CEC loading samples determined with size-
exclusion chromatography, with the sample having 2.5% aggregates (2.3% HMW1 and 0.2% HMW2). 
 
The results demonstrate that the sample contained different aggregate species (peaks HMW1 and 
HMW2). Such an aggregate composition indicates that displacements of various aggregate types 
probably also occurred, resulting in the observed breakthrough shape. The results of loading, therefore, 
confirm that for overloading conditions a competitive binding between the species might have a role 
and has to be taken into account (126). Once the described phenomena were considered, it was possible 






5 Conclusions  
 
Due to their separation mechanism, based on convection, and low price, allowing single-use 
implementation, membrane adsorbers represent an attractive option for the removal of target impurities 
in the flow-through mode. This also overcomes their limitation in terms of a lower dynamic binding 
capacity. The versatility of their chemistry enables the efficient removal of all the key impurities 
encountered in the production of mAbs, such as HCPs and aggregates. For this reason, membrane 
adsorbers should be considered as the matrix of choice during the development of an efficient 
continuous mAbs production process.  
Several conclusions, supporting the working hypothesis were obtained. 
1.) The structure of the selected membrane adsorbers differ in membrane characteristics (total ionic 
capacity, dynamic binding capacity, type of ligand) 
Based on the results in the first part of the doctoral thesis, it was shown that NatriFlo® HD-Q has the 
highest dynamic binding capacity at 10% break-through (with approx. 200 g/L), total ionic capacity 
(0.83 M) and the highest calculated number of theoretical plates (from 3 to 4) in comparison to the 
other two AEC membrane adsorbers. Comparing the Mustang® Q and Sartobind® Q membrane 
adsorbers, slightly higher DBC, total ionic capacity (when considering similar total membrane 
porosity) and number of theoretical plates for the Mustang® Q membrane was observed, namely 
DBC10%: 49 g/L vs. 29 g/L, total ionic capacity, when considering similar total membrane porosity: 
0.52 M vs. 0.46 M and calculated number of theoretical plates: 2.5 - 3.0 vs. 2.0 – 3.0.  Despite the 
highest DBC, total ionic capacity and calculated number of theoretical plates of NatriFlo® HD-Q, the 
peak elution profiles of Sartobind® Q indicate slightly better performance of this membrane adsorber 
in respect to lower dispersion of the membrane device. Based on the elution profiles, Sartobind® Q 
shows slightly sharper and more symmetrical elution peaks, with lower values of asymmetry ratio (2.3), 
tailing factor (2.0) and peak width at half-height (0.2 mL). That might indicate slightly better flow 
distribution within the Sartobind® Q module at a flow rate of 1 mL/min, in comparison to NatriFlo® 
HD-Q and Mustang® Q. All three parameters: an asymmetry ratio of 2.5 (NatriFlo® HD-Q) and 2.6 
(Mustang® Q), tailing factor of 2.0 (NatriFlo® HD-Q) and 2.1 (Mustang® Q) and peak width at half-
height of 0.3 mL (NatriFlo® HD-Q) and 0.4 mL (Mustang® Q), were slightly higher in those 
membrane adsorbers.  
These conclusions partly correlate with the results obtained in the section describing DBC break-





the break-through curve of Mustang® Q is steeper in comparison to NatriFlo® HD-Q, however based 
on the results of the elution profiles, slightly better performance was not confirmed. However, it should 
be noted, that the difference in the elution profiles are small, and no significant differences in the 
performance of any of the three AEC membrane adsorbers are expected. Additionally, these are small 
scale modules, and in some cases the flow distribution in the scale-up modules is different and it would 
be interesting to see the difference between small scale and scale-up modules. 
For all three membrane adsorbers, it was shown, that the flow rate, kept within the manufacturer 
recommendations for the individual membrane adsorber, does not have a significant impact on the 
dynamic binding capacity, using the BSA molecule or other tracer molecules.  
However, from the second and third part of the doctoral thesis it was shown that only basic 
characterisation of the membrane adsorbers is not enough to predict the performance of the membrane 
adsorbers using real samples. Mustang® Q showed lower HCP removal in comparison to Sartobind® 
Q and NatriFlo® HD-Q. This could be explained by phosphate ions present in the samples (originating 
from the virus inactivation), that impacted HCP removal, in cases when not only quarternary ammine 
ligands are present. Using only simple techniques for membrane characterisation it is not enough to 
confirm that, therefore some more sophisticated methods would be needed to further exploit the 
structure.   
2.) Anion-exchange membrane adsorbers in flow-through mode efficiently remove impurities, 
especially HCP. Ionic strength, pH of the mobile phase/starting material and membrane load 
are process parameters, influencing HCP and aggregate removal. 
 It was shown that all three process parameters (ionic strength, pH of the mobile phase/starting solution 
and membrane load) are the main process parameters that impact HCP removal. As expected, the 
loading pH value and ionic strength of the sample have an impact on HCP removal for all the membrane 
adsorbers with quaternary amine as a functional group. All the membrane adsorbers exhibited the same 
trend: HCP removal increases with an increase of the loading pH and a decrease of the ionic strength. 
NatriFlo® HD-Q and Sartobind® Q show a broader conductivity range for HCP removal per volume 
of membrane adsorber, compared to the Mustang® Q membrane adsorbers. This is due to the fact that 
the charge of the HCP in the tested area is negative and they bound to the positively charged quaternary 
ammine groups. The higher the pH of the solution, the more positively charged the HCP are, therefore 
they bound strongly. Additionally, HCPs represent a heterogenic group of proteins, with wide variety 
of isoelectric points, and at higher pH even the HCPs with higher isoelectric point are removed.  At 





in the solution, the shielding of the net charge of the molecule itself and also the ligands occurs, 
therefore the ionic interactions get weaker, resulting in lower removal of HCP. In the tested conditions, 
the net charge of the monoclonal antibody is negative (due to a high isoelectric point), therefore the 
protein itself does not bind to the ligand (or binds in small amounts).  
Additional HCP breakthrough experiments, monitoring the concentration of HCPs at the membrane 
adsorber’s outlet, show that HCPs’ normalised outlet concentration increases almost linearly with 
loading, being independent of the HCPs’ concentration. 
The HCP profile eluted from the membrane adsorbers was analysed with 2D Fluorescence Difference 
Gel Electrophoresis (DIGE). The sub-groups of HCPs and leached Protein A were separated on a gel, 
based on their molecular weight and isoelectric point. 
Interestingly, all the membrane adsorbers removed the same sub-population of HCPs. The only 
difference between the membrane adsorbers was in the ratio (difference above 30%) of removed sub-
species, as indicated by the orange spots. Sartobind® Q and NatriFlo® HD-Q show a similar HCP 
pattern. The composition of the removed HCPs with Mustang® Q is also similar to Sartobind® Q and 
NatriFlo® HD-Q, but there is a difference in the ratio of the removed sub-species, which might be due 
to the lower HCP capacity or due to the difference in the structure of the binding site.  
3.) Cation-exchange membrane adsorbers in flow-through mode efficiently remove impurities, 
especially aggregates. The optimal conditions for the separation of monoclonal antibody and 
aggregates can be determined using the statistical based approach or mechanistic modelling-
based approach. 
The performance of Sartobind® S and Mustang® S was exploited with two different approaches, the 
statistical and mechanistic modelling-based approach. The outcome of both approaches revealed the 
same conclusions. Pure monoclonal antibody and aggregates are retained at higher conductivities, 
when the pH of the buffer/solution is lower. This is due to fact that the net charge of the mAbs and 
aggregates becomes more positive at a lower pH of the solution, therefore stronger electrostatic 
interactions result in stronger binding to the negatively charged ligands (sulphuric acid). Furthermore, 
both mAbs and aggregates are retained at higher salt concentrations on Sartobind® S than on 
Mustang® S. This might be due to the differences in the ligand density or the different structure of the 
adsorption site. The results of the total ionic capacity suggested higher ionic capacity of Sartobind® S 
(1.03 M) in comparison to Mustang® S (0.38 M). The differences in the distribution coefficient 





aggregates are retained, while the monomeric mAb pass unrestricted through the column. On the other 
hand, we have to keep in mind that by increasing the pH value, the interaction becomes weaker; 
presumably also resulting in a lower binding capacity, and therefore a reasonable compromise has to 
be chosen during sequence development. Both approaches showed the binding of the mAb and protein 
at lower membrane load (at tested pH range) and with membrane load increase, displacement between 
the mAb and aggregates (as aggregates are supposed to be more negatively charged in comparison to 
mAb) occurs. For the final purification process, membrane load, where the required amount of 
aggregates is still bound on the ligand yet the majority of the mAb is already collected in the flow-
through, must be determined.  
4.) The structure of impurities (aggregates) impact their removal with membrane adsorbers 
In order to explore if the displacement of the mAbs by aggregates is the main process, when performing 
the purification of mAb on a CEC membrane at overloading conditions (high membrane loads are 
applied on the membrane) and how the structure of the impurities impact the purification process, an 
additional experiment with starting materials containing different amounts of the aggregates, were 
conducted. Breakthrough of the mAbs depends on the concentration of aggregates in the load: the 
higher the aggregate concentration, the earlier the mAb breakthrough occurred. An additional 
confirmation that displacement is the probable reason is provided by an analysis of the aggregates 
breakthrough curve. Aggregate breakthrough occurs at higher loadings, an indication that the 
breakthrough of mAbs is not due to matrix saturation.  Interestingly, the breakthrough of aggregates is 
shallower that that of the mAbs. Although this might be due to slower diffusivity of the aggregates, the 
difference seems to be too small to explain such a shape. By exploration of the nature of the aggregates 
on the SEC column it was shown that the sample contained different aggregate species (peaks HMW1 
and HMW2). Such an aggregate composition indicates that displacements of various aggregate types 
probably also occurred, resulting in the observed breakthrough shape. The results of loading, therefore, 
confirm that for overloading conditions a competitive binding between the species might have a role 
and has to be taken into account. Once the described phenomena were considered, it was possible to 












Biološko zdravilo je zdravilo, ki vsebuje eno ali več učinkovin pridobljenih iz naravnih virov. Pod 
izrazom biološka zdravila sodijo beljakovine, kot so inzulin, rasni hormoni, eritropoetin, ki so prisotni 
v človeškem organizmu in imajo različne funkcije, pod drugo skupino bioloških zdravil pa sodijo delno 
spremenjene molekule protiteles. Te molekule se specifično vežejo na tarčno celico v človeškem 
organizmu in povzročijo željeni terapevtski učinek. Zdravilne učinkovine v bioloških zdravilih so večje 
in veliko bolj kompleksne v primerjavi z malimi organiskimi sinteznimi učinkovinami. 
Razvoj bioloških zdravil se začne z razvojem stabilne celične linije, ki je sposobna ob genetski 
modifikaciji, sintenizirati tarčni protein. Sledi gojenje celic v bioreaktorjih pri kontroliranih pogojih, 
ki so poleg dodajanja hranilnih snovi, potrebni za celično rast. Ob koncu produkcijske faze je potrebno 
razgraditi celice in jih ločiti od tarčnega proteina s centrifugiranjem in/ali mikrofiltracijo. Izolacija in 
čiščenje tarčnega proteina poteka z uporabo različnih kromatografskih korakov in različnih filtracijskih 
tehnik. Glavni namen izolacije produkta, je odstranitev procesnih nečistoč in nečistoč, povezanih s 
produktom, ki se izločijo iz gostiteljskih celic (gostiteljska DNK, HCP) ali nastanejo tekom procesa 
izolacije (agregati). Vse nečistoče je potrebno ustrezno odstraniti, saj njihova prisotnost v končni 
zdravilni učinkovini in končnem zdravilu, lahko pri pacientih povzročijo resne neželjene učinke, 
sprožijo imuski odziv proti zdravilu in privedejo celo do smrti.   
Za doseganje učinkovitega odstanjevanja in inaktivacijo virusov, se v postopek čiščenja pogosto 
vpeljeta še virusna inaktivacija in virusna filtracija. Ultrafiltracija/diafiltracija običajno predstavlja 
zadnjo stopnjo čiščenja, s katero produkt skoncentriramo do željene koncentracije in zamenjamo pufer. 
Pomembno je, da je zdravilna učinkovina shranjena v pufru, ki stabilizira protein za čas hranjenja in 
hkrati ne povzroča imunskega odziva pacienta, po aplikaciji zdraavila. Poleg klasičnih kromatografskih 
tehnik, ki so najpogosteje vpeljane v trenutne procese čiščenja monoklonskih protiteles, pa se lahko 
uporabljo tudi alternativne tehnike, kot so flokulacija, precipitacija ali uporaba membranskih 
adsorberjev.  
Kromatografija je družina tehnik, ki omočajo ločevanje zmesi, raztopljene v raztopini (mobilna faza) 
na kromatografskem nosilcu (stacionarna faza). Na površju kromatografskega nosilca se nahajajo 
stabilne funkcionalne skupine (ligandi), kamor se vežejo snovi iz raztopine. Pri klasični kromatografiji 





celoten kromatografski nosilce. Komponente raztopine se na ligande vežejo v odvisnosti od fizikalno-
kemijskih lasnosti samih komponent, kot tudi liganda.  
Najpogosteje se pri izolaciji monoklonskih protiteles iz žetve pri izolaciji uporabja afinitetna 
kromatografija, kateri sledi virusna inaktivacija z nizkim pH, tej pa sledijo ostali kromatografski koraki 
(anionsko izmenjevalna kromatografija, kationsko izmenjevalna kromatografija, hidrofobna 
kromatografija), s katerimi dosežemo željeno čistost produkta.  
V doktorski disertaciji sta bili v ospredju ionsko izmenjevalni kromatografiji (anionska in kationska 
izmenjevalna kromatografija). Ionsko izmenjevalna kromatografija temelji na ločbi molekul glede na 
razlike v njihovem celokupnem naboju, ki je odvisen od strukture proteinov in se s spreminjanje pH 
raztopine spreminja. Komponente vzorca, ki imajo pri določenem pH raztopine nasproten naboj kot 
ligandi, tvorijo elektrostaske interakcije z ligandi, dokler ne pride do spremembe pH raztopine ali 
povečevanje ionske jakosti raztopine. Ioni soli nevtralizirajo tako celokupni naboj molekule, kot tudi 
naboj liganda, kar vodi v prekinitev elektrostatskih interakcij.  
Namesto klasične kromatografije pa se v industirji dandanes vedno bolj uveljavlja kontinuirna 
kromatografija. Kontinuirna kromatografija predstavlja med seboj povezane kromatografske korake, 
ki ima v primerjavi s klasičnim načinom proizvodnje bioloških zdravil (stopnje čiščenja so med seboj 
ločene, produkt pa se vmes zbira v sterilne vreče, ki se nahajajo v večjih vozičkih) določene prednosti. 
Pri kontinuirni kromatografiji ni vmesnih stopenj, kjer bi produkt čakal, zato je končna kvaliteta 
produkta boljša. Zaradi krajših časov separacij se produktivnost poveča. Sami stroški proizvodnje 
bioloških učinkovin so nižji, zaradi uporabe manjših reaktorjev, manjših kromatografskih 
nosilcev/filtrov, kar vodi v nižjo porabo pufrov in raztopin, manjših kormatografskih sistemov. Vse to 
vodi v manjši proizvodnji prostor in znižanje stroškov proizvodnje bioloških zdravil. Nenazadnje pa 
se z uporabo kontinuirne kromatografije, v kombinaciji z materiali za enkratno uporabo, (t.i. single use 
oz. disposable, to so membranski adsorberji) poveča fleksibilnost procesa in zmanjša možnost 
kontanimacije enega produkta z drugim.  
Uporaba membranskih adsorberjev v sklopu kontinuirne kromatografije predstavlja najbolj obetavno 
kromatografijo za enkratno uporabo. Membranska kromatografija ima številne tehnične, operacijske 
in ekonomske prednosti pred klasično kromatografijo. Membranski adsorberji se kupijo v obliki 
predpakiranih plastičnih modulov, v katerih so na membranah že vezani ligandi, na katere se vežejo 
molekule iz raztopine. Pri klasični tekočinski kromatografiji se uporabljajo delci nosilca mikro 





nosilca, kar lahko vodi v  pomanjkanje dinamične vezavne kapacitete in nekaterih drugih lastnosti, kar 
vodi v slabšo ločbo.  
Membranski adsorberji imajo, pore velikosti v območju med 0.8 in 3 µm, ligandi, kamor se vežejo 
komponente vzorca pa se nahajajo na površini por. Potovanje molekul do vezavnega mesta v 
membranah temelji na podlagi konvekcije, medtem ko je difuzija molekul v membranah skoraj 
zanemarljiva. Ker je difuzija zanemarljiva, lahko molekule tudi ob krajšem zadrževalnem času v 
membrani, dosežejo hitro in uspešno vezavo na ligande, kar zmanjša čas ločbe. Odprte pore omogočajo 
pri določenih pogojih vezavo velikih molekul in adsorptivno odstanjevanje kontaminantov, kot so HCP 
molekule, DNK molekule, endotoksini in virusi. V primerjavi s klasično kromatografijo, je vezavna 
kapaciteta molekul neodvisna od hitrosti pretoka. Pri klasični kromatografiji pa je večina aktivnih 
vezavnih mest znotraj makropor/mikropor delcev kar povzroča dolgotrajno in počasno difuzijo 
molekul v pore. Lahko se zgodi, da prevelike molekule sploh ne morejo potovati v 
makrospore/mikrospore. 
Uporaba modulov za enkratno uporabo, kot so membranskih adsorberji, zmanjša možnost okužbe 
produkta in poveča varnost proizvodnje bioloških zdravilnih učinkovin. Membranske adsorberje pa se 
z ustreznim čiščenjem lahko uporablja tudi večkrat, kar zniža stroške proizvodnje zdravilnih učinkovin. 
Kljub številnim prednostim, ki jih nudijo membranski adsorberji, pa je njihova uporaba v proizvodnih 
procesih čištenje, omejena. Številni moduli dostopni na tržišču imajo zaradi slabo načrtovanega ohišja 
velike mrtve volumne. Neustrezno oblikovanje membran se kaže v neustrezni porazdelitvi por, debelini 
membran, kar vodi v neustrezen tok tekočine znotraj membrane in znižanje dinamične vezavne 
kapacitete. Proizvajalci se teh problemov lotevajo z dizajniranjem različnih oblik modulov, uporabo 
primernih razdelilcev toka tekočine znotraj membrane, različnimi tehnikami vezave ligandov na 
nosilec, uporabo različnih vrst membran (od regenerirane celuloze do modificiranih PES membran) z 
različno velikostjo membranskih por in različnimi strukturami ligandov. 
Sartobind® Q and Sartobind® S sta anionski oz. kationski membranski adsorber, s povprečno 
velikostjo por 3 µm. Osnovo membrane predstavlja regenerirana celuloza, ki se pogosto uporablja v 
biofarmacevtksi industriji zaradi svoje svoje hidrofilnosti, stabilnosti in kompatibilnosti z različnimi 
biološkimi sistemi. Celolozna membrana je prekrita s hidrogelom, ki preprečuje nespecifične 
interakcije molekule z membrano. Graftirani polimeri, ki so nosilci pozitivno nabitega kvarternega 
amonijevega iona ali negativno nabitih sulfonskih skupin omogočajo lažjo vezavo molekule na ligand, 





Mustang® Q and Mustang® S sta membranska adsorberja, katerih membrana je iz PES osnove z 
velikostjo por 0.8 µm. Membrano prav tako prekriva hidrogel, ki nosi enake skupine ligandov, kot so 
prisotne pri Sartobind® Q in Sartobind® S membranskih adsorberjih. 
NatriFlo® HD-Q je močan anionski membranski adsorber, v celoti sestavljen iz hidrogela, ki nosi 
nabite kvarterne amonijeve ione.   
Membranski adsorberji so dostopni na tržišču že nekaj časa, a se redko uporabljajo v proizvodnji. 
Vzrokov za to je več: klasična kromatografija je že vpeljana v proizvodnje procese in dostikrat ni dovolj 
časa in denarja za vpeljavo novih tehnologij. Prav tako primanjkuje ustreznih tehnik za karakterizacijo 
in vpeljavo membranskih adsorberjev. 
 Hipoteze in rezultati 
 
Tekom doktorske disertacije smo prišlji do naslednjih zaključkov postavljenih hipotez: 
1.) Testirani membranski adsorberji se razlikujejo med seboj v določenih parametrih membran 
(celokupni vezavni kapaciteti, dinamični vezavni kapaciteti in strukturi liganda) 
NatriFlo® HD-Q izkazuje višjo dinamično vezavno kapaciteto, s 200 g/L (pri 10% preboju BSA 
molekule), celokupno ionsko kapaciteto (0.83 M) in izračunano število teoretskih podov (med 3 in 4) 
v primerjavi z ostalima dvema testiranima anionskima membranskima adsorberja. Mustang® Q 
izkazuje rahlo višjo dinamično vezavno kapaciteto (49 g/L napram 29 g/L), celokupno ionsko 
kapaciteto (0.52 M napram 0.46 M) in izračunanano število teoretskih podov (2.5 - 3.0 napram 2.0 – 
3.0) v primerjavi s Sartobind® Q. Določeni parametri, ki opisujejo elucijske profile BSA molekul 
(simetrija vrha, širina vrha na polovici višine, faktor repičenja) in s tem tok tekočine znotraj membrane, 
nakazuje na nekoliko boljšo porazdelitev tokočine znotraj Sartobind® Q, pri pretoku tekočine 1 
mL/min skozi adsorber. Vsi trije parametri so nekoliko višji pri NatriFlo® HD-Q in Mustang® Q 
membrani: simetrija vrha 2.5 (NatriFlo® HD-Q) in 2.6 (Mustang® Q), faktor repičenja 2.0 (NatriFlo® 
HD-Q) in 2.1 (Mustang® Q) in širina vrha na polovici višine 0.3 mL (NatriFlo® HD-Q) in 0.4 mL 
(Mustang® Q). Ti rezultati pa se le delno sovpadajo z rezultati prebojnih krivulj, pridobljenimi med 
nanosom BSA vzorca na membrano, ki prav tako nakazujejo na tok tekočine skozi membranski 
adsorber. Simetrija prebojne BSA krivulje nakazuje na nekoliko bolj homogen tok tekočine skozi 
Mustang® Q, v primerjavi z NatriFlo® HD-Q, kar pa ni bilo potrjeno z analizo elucijskih profilov BSA 
molekule. Ne glede na rezultate, pa so razlike med membranskimi adsorberji majhne in ne pričkujemo 





na malih modulih in bi bilo zanimivo videti primerjavo malih modulov, namenjenih za razvoj procesa 
čiščenja in večjih modulov, namenjenih za čiščenje monoklonskih protiteles v proizvodnji.     
Sama osnovna karakterizacija pa ni dovolj za napovedovanje odstanjevanja nečistoč z membranskimi 
adsorberji, pri uporabil proteinskih vzorcev. Odstanjevanje HCP z Mustang® Q je bilo nekoliko slabše 
v primerjavi s Sartobind® Q in NatriFlo® HD-Q. Pufrska sestava vzorca lahko vpliva na odstanjevanje 
nečistoč v primeru določenih struktur ligandov (npr. primarnih aminov). Kemijske strukture ligandov 
z uporabljenimi tehnikami sicer nismo mogli določiti in bi potrebovali bolj natančne metode za 
določanje le-teh (se pa v literaturi nakazuje, da ima Mustang® Q poleg pozitivno nabitega kvarternega 
amonijevega iona prisoteno tudi drugo strukturo ligandov). 
2.) Anionski membranski adsorberji so pri testiranih pogojih sposobni odstraniti HCP. Procesni 
parametri, ki vplivajo na odstranjevanje HCP-jev so ionska moč raztopine, pH raztopin in nanos 
na membrano. 
Tekom doktorske disertacije smo pokazati, da vsi trije, zgoraj našteti procesni parametri, vplivajo na 
odstanjevanje HCP-jev. Najprej smo določili vpliv pH in ionska moč raztopine na odstanjevanje HCP-
jev s testiranimi anionskimi membranskimi adsorberji. Vsi trije adsorberji so izkazovali enak trend 
odstanjevanja HCP-jev; višji pH in nižja ionska jakost raztopine vodi v boljše odstanjevanje HCP-jev. 
Pri višjem pH raztopine je celokupni naboj HCP-jev izrazito negativen in zaradi močnejših interakcij 
med nečistočami vzorca in skupinami liganda, prihaja do boljšega odstanjevanje nečistoč. HCP-ji so 
hkrati tudi heterogena skupina proteinov, z različnimi celokupnimi naboji na površini (izoelektričnimi 
točkami) in pri višjem pH raztopine odstanimo tudi HCP-je z višjimi izoelektričnimi točkami. Pri nižji 
ionski jakosti raztopine je naboj molekul bolj izrazit, kar povečuje jakost interakcij med nečistočami 
in ligandom, pri povečevanju ionske jakosti raztopine pa ioni soli senčijo naboj proteina in liganda, kar 
vodi v šibkejše ionske interakcije in posledično slabše odstanjevanje nečistoč. Pri testiranih pogojih je 
celokupni naboj monoklonskega protitelesa negativen in se zato ne veže (oz. veže  v manjši meri) na 
negativno nabit kvarterni amonijev ion.  Z dodatnimi poskusi, smo ugotavljali odstanjevanje HCP-jev 
pri različnih nanosih na membranski adsorber v odvisnosti od koncentracije HCP v začetni raztopini.  
HCP koncentracija na izhodu iz membrane, normirana na začetno koncentracijo HCP-jev nakazuje na 
skoraj linearno naraščanje HCP-jev z nanosom, neodvisno od njihovr začetne koncentracije. To je 
pomembno pri razvoju anionskega kromatografskega koraka, ob vzorcih s spreminjajočimi se 
vsebnostmi nečistoč v začetni raztopini.  
Z diferencialno dvodimenzionalno gelsko elektroforezo smo določali tudi strukturne lastnosti 





molekulsko maso in izoelektrično točko. Vsi trije anionski membranski adsorberji odstanjujejo enake 
podksupine HCP-jev, razlikujejo se v sami količini odstanjenih HCP-jev. Sartobind® Q in NatriFlo® 
HD-Q odstanjevanja enake podskupine HCP-jev v enakih koncentracijah, medtem ko Mustang® Q 
odstranjuje podobne podskupine HCP-jev, razlike so v koncentraciji odstanjenih podskupin, kar je 
lahko posledica nižje kapacitete odstanjevanja HCP-jev zaradi prisotnih fosfatnih ionov v raztopini ali 
sami strukturi liganda. 
3.) Z uporabo statističnega ali semi-mehanističnega modeliranja lahko določimo sposobnost 
odstanjevanja agregatov z uporabo kationskih membranskih adsorberjev. 
Optimalni pogoji odstanjevanje agregatov s kationski membranski adsorbeji so bili določeni z uporabo 
dveh različnih pristopov, statističnega pristopa in semi-mehanističnega modeliranja, s katerima smo 
prišli do enakih zaključkov. Nižji pH raztopine vodi v močnejše ionske interakcije med negativno 
nabitimi skupinami liganda (sulfonsko kislino) in pozitivno nabitim monoklonskim protitelesom in 
agregati, zato se obe komponenti eluirata pri višji ionski jakosti (obratno je pri višjem pH raztopine). 
Če primerjamo Sartobind® S in Mustang® S med seboj, vidimo, da se pri Sartobind® S, tako 
monoklonsko protitelo kot tudi agregati eluirajo pri višji ionski jakosti raztopine, kar je lahko posledica 
razlik v strukturi liganda ali v različni celokupni ionski kapaciteti. Sartobind® S (1.03 M) namreč 
izkazuje višjo celokupno ionsko kapaciteto v primerjavi z Mustang® S (0.38 M). Pri testiranih 
procesnih parametrih (pH in ionska jakost raztopin), se tako monoklonsko protitelo kot agregati vežejo 
na ligande pri nižjih nanosih na membrano, medtem ko je pri povečevanju nanosa na membrano opažen 
fenomen izmenjave monoklonskega protitelesa z agregati na membranskem nosilcu. Do tega prihaja 
zaradi razlik v naboju med monoklonskim protitelesom in agregati; agregati, ki so bolj pozitivno nabiti 
kot monoklonsko protitelo, se močneje vežejo na skupine ligandov in ga začnejo izpodrivati, le ta se 
desorbira z liganda, preide preko kolone in se zbere na izhodu membranskega adsorberja. Iz prebojnih 
krivulj obeh komponent se lepo vidi, da do desporpcije in izločanja agregatov pride pri višjih nanosih 
v primerjavi z monoklonskim protiteleson, kar nakazuje, da ne prihaja samo do klasičnega nasičenje 
ligandov.  
4.) Struktura procesnih nečistoč (agregatov) vpliva na njihovo odstranjevanje z membranskimi 
adsorberji 
Opaženi fenomen smo ovrednotili s poskusi, kjer smo uporabili vzorce z različnimi vsebnostmi 
agregatov. Preboj monoklonskega protitelesa je odvisen od začetne koncentracije agregatov v 
materialu. Pri raztopinah z nižjo koncentracijo agregatov pride do desorcije monoklonskega protitelesa  





glede na velikost in ugotovili, da tudi agregati niso uniformna skupina proteinov, pač pa smo 
identificirali dve večji skupini agregatov (HMW1 in HMW2), ki se lahko razlikujeta v naboju, kar 
lahko vpliva ne samo na obliko prebojnih krivulj agregatov, pač pa tudi na njihovo izločanje iz 
membrane. Pri razvoju kationskega koraka pri visokih nanosih nanosih na membrano je ključna 
ugotovitev, da znotraj membrane prihaja do tekmovanja za vezavo različnih komponent vzorca na 
skupine ligandov, zato je potrebno določiti takšne nanose na membrano ob določenih procesnih 
parametrih (npr. pH in ionski jakosti raztopin), kjer še vedno učinkovito odstanjujemo agregate in 
dobimo monoklonsko protitelo ustrezne čistosti. 
 Zaključek 
 
Membranski adsorberji predstavljajo dobro alternativo za čiščenje monoklonskih protiteles, zaradi 
številnih prednosti pred klasičnimi kromatografskimi nosilci, kot so: odstranjevanje nečistoč neodvisno 
od pretoka, nizka cena, možnost enkratne uporabe in ostalo. Nižja dinamična vezavna kapaciteta 
membranskih adsorberjev omejuje njihovo uporabo, a jih je zaradi nižje vsebnosti nečistoč kot proteina 
v vzorcu, smiselno uporabljati pri takšnih kromatografskih pogojih, kjer se nečistoče vežejo na ligande, 
čisto monoklonsko protitelo pa preide skozi membrano in se zbere na izhodu iz membrane. Različne 
strukture ligandov omogočajo odstanjevanje različnih nečistoč (rezidualna DNA, HCP, agregati in 
virusi; nekaterih nečistoč nismo mogli poanalizirati oz. smo bili s tem zelo omejeni). Sartobind® Q in 
NatriFlo® HD-Q izkazujeta določene razlike v osnovnih lastnostih membran (dinamična vezavna 
kapaciteta, celokupna ionska kapaciteta in številu teoretskih podov), a te razlike ne vplivajo na 
odstranjevanje HCP v realnih vzorcih. Oba anionska membranska adsorberja sta ustrezna za 
odstanjevanje nečistoč in se torej lahko uporabljata v sekvenci čiščenja monoklonskih protiteles. Pri 
uporabi kationskih membranskih adsorberjih pri pogojih, kjer nanos na membrano prilagajamo iskanju 
optimalnega območja med ustrezno čistostjo monoklonskega protitelesa in visokim izkoristkom 
separacije, je zaradi opaženega fenomena izmenjave monoklonskega protitelesa z agregati 
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